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FOREWORD 
T h i s  document i s  submi t t ed  i n  accordance w i t h  requirements  
of e x h i b i t  A.B.4 and e x h i b i t  B.3 of NASA C o n t r a c t  NAS8-21253 
t i t l e d  "A Mechanical  F a s t e n i n g  Technique Development f o r  Appli- 
c a t i o n  i n  spaceH.  
Th is  s t u d y  was begun a t  Mar t in  M a r i e t t a  Corpora t ion ,  B a l t i -  
more, Maryland, and completed a t  Mar t in  M a r i e t t a ' s  Denver Divi-  
s i o n  under t h e  d i r e c t i o n  of C a r l  M. Wood, P r i n c i p a l  I n v e s t i g a t o r ,  
Manufactur ing Engineer ing  Labora to ry ,  NASA-MSFC, H u n t s v i l l e ,  Ala- 
bama. 
T h i s  r e p o r t  d e s c r i b e s  a  s t u d y  e f f o r t  t o  i n v e s t i g a t e  a  
th readed  mechanical  f a s t e n i n g  t echn ique  f o r  use  i n  ze ro  o r  re-  
duced g r a v i t y  space  environments .  The program c o n s i s t e d  of f o u r  
phases  of e f f o r t :  
1 )  S t a t e  of t h e  A r t  Survey; 
2 )  S e l e c t i o n  and Development; 
3) E v a l u a t i o n  and T e s t i n g ;  
4)  D e f i n i t i o n  and Eva lua t ion  of Environmental  E f f e c t s  
on J o i n t s  and F a s t e n e r s .  
T h i s  r e p o r t  d e t a i l s  t h e  d a t a  g a t h e r e d  and formulated d u r i n g  
t h e  v a r i o u s  phases  of t h i s  program. 
Mar t in  M a r i e t t a  C o r p o r a t i o n ' s  Space Opera t ions  F a c i l i t i e s  
were used f o r  t h i s  s t u d y .  
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I .  INTRODUCTION 
This  document i s  t h e  r e s u l t  of a  NASA C o n t r a c t  w i t h  t h e  Mar- 
t i n  M a r i e t t a  Corpora t ion .  The C o n t r a c t  was awarded and begun by 
t h e  Bal t imore  D i v i s i o n  and completed by t h e  Denver D i v i s i o n  of 
t h e  Mar t in  M a r i e t t a  Corpora t ion .  The o v e r a l l  o b j e c t i v e  o f  t h i s  
C o n t r a c t  was t o  p rov ide  i n f o r m a t i o n  and d a t a  r e l a t i v e  t o  p r e s e n t l y  
a v a i l a b l e  th readed  f a s t e n e r s  a p p l i c a t i o n  and performance i n  manned 
space  miss ions .  
Th is  program w a s  d i v i d e d  i n t o  f o u r  phases .  The f i r s t  of  
which w a s  a  Sta te-of- the-Art  Survey. The a r e a  covered i n  t h i s  
su rvey  was: (1) space  miss ions  i n v o l v i n g  man and h i s  p robab le  
use  of th readed  f a s t e n e r s ,  and ( 2 )  th readed  f a s t e n e r  conf igura -  
t i o n s  and c o a t i n g s  p r e s e n t l y  a v a i l a b l e  througk; f a s t e n e r  techno- 
logy .  P robab le  f a s t e n e r  use  and manipu la t ion  under reduced grav- 
i t y  c o n d i t i o n s ,  and f a s t e n e r  performance i n  a  h o s t i l e  space  en- 
v i ronment ,  a l s o  were cons idered  i n  t h e  su rvey .  
Phase two c o n s i s t e d  of t h e  s e l e c t i o n  of f a s t e n e r s  t o  be 
t e s t e d  i n  t h e  ensuing phases  of t h e  program, and t h e  development 
of t e s t  p rocedures  and t e s t  equipment.  
Phase t h r e e  was t o  be devoted t o  t h e  s t u d y  of problems iden-  
t i f i e d  w i t h  manipu la t ion  of th readed  f a s t e n e r s  i n  space  assembly 
and maintenance o p e r a t i o n s .  T e s t i n g  t o  b e  accomplished i n  t h i s  
phase  w a s  c a n c e l l e d  a t  t h e  Government's convenience.  The t e s t  
p l a n s  a r e  i n c l u d e d  i n  t h i s  r e p o r t  t o  i n d i c a t e  work done on ly .  
Phase f o u r  c o n s i s t e d  of conduct ing to rque  t e n s i o n  performance 
o f  s e v e r a l  h i g h  performance f a s t e n e r  combinat ions .  These t e s t s  
were conducted a t  ambient c o n d i t i o n s  f o r  r e f e r e n c e ,  and were re-  
p e a t e d  a t  p r e s s u r e  and t empera tu re  extremes of space .  T e s t  d a t a  
was examined, and conc lus ions  and recommendations made. 
Th is  r e p o r t  d i s c u s s e s  t h e  major p a r t s  of t h e  program i n  t h e  
f o l l o w i n g  sequence : 
Chapter I1 - State-of- the-Art  Survey; 
Chapter  I11 - Human F a c t o r s  Manipu la t ive  T e s t s ;  
Chapter  I V  - Environmental  T e s t s ,  Discuss ion ,  T e s t  P l a n s ,  
Equipment, T e s t  R e s u l t s ,  Conclusions  and 
Recommendations. 
I I ,  STATE-OF-THE-ART S U R V E Y  
The Sta te-of- the-Art  Survey conducted d u r i n g  t h i s  program 
encompasses t h r e e  major a r e a s :  
1 )  Planned o r  expec ted  space  m i s s i o n s  i n v o l v i n g  
man, p a r t i c u l a r l y  where th readed  f a s t e n e r s  p lay  
a p a r t  i n  t h e  accomplishment of maintenance o r  
assembly t a s k s  ; 
2 )  Today's  f a s t e n e r  technology from t h e  p r a c t i c a l  
s t a n d p o i n t  o f  i t s  e f f e c t  on a j o i n t  des ign ,  e a s e  
o f  manipu la t ion  under t h e  a d v e r s e  c o n d i t i o n s  of 
s p a c e  environments ,  and t o o l  i n t e r f a c e s ;  
3) I d e n t i f i c a t i o n  of problems imposed by th readed  
f a s t e n e r s  and planned approaches  f o r  s o l v i n g  
t h e s e  problems. 
A .  FUTURE MANNED SPACE MISSIONS1,2 
P r e s e n t  p l a n n i n g  f o r  manned s p a c e  miss ions  i s  s k e t c h y  and 
shor t - ranged  compared w i t h  t h e  b o l d  v i s i o n s  of t h e  m i d - s i x t i e s .  
Planned m i s s i o n s  o u t l i n e d  h e r e i n  a r e  t e n t a t i v e  and c o n s t a n t l y  
changing.  The d a t a  i s  a s  a c c u r a t e  a s  can  b e  a s c e r t a i n e d  from 
government s o u r c e s ,  b u i  may be o b s o l e t e  by t h e  t ime t h i s  r e p o r t  
i s  d i s s e m i n a t e d .  
1. NASA Planned Manned S ~ a c e  Missions 
Firm p l a n n i n g  i n f o r m a t i o n  f o r  NASA manned s p a c e  f l i g h t s  i n -  
c l u d e  on ly  t h e  Apol lo  and Skylab" Programs. Manned f l i g h t s  were  
begun i n  mid-1968, and a r e  planned t o  c o n t i n u e  through t h e  1970s 
i n  a s t r e t c h e d - o u t  program. S i x  a d d i t i o n a l  l u n a r  f l i g h t s  were 
planned on a  cont ingency b a s i s .  The Apollo 1 3  l u n a r  l a n d i n g  i s  
now scheduled  f o r  11 A p r i l  1970, and Apol los  1 5  and 16 w i l l  b e  
launched a t  six-month i n t e r v a l s  i n  1971. A t  p r e s e n t ,  manned m i s -  
s i o n s  t o  t h e  moon have been slowed t o  t h e  six-month i n t e r v a l  r a t e  
;+New d e s i g n a t i o n  f o r  t h e  Apollo A p p l i c a t i o n s  Program (AM); 
Equipment r e q u i r e d  by t h e  a s t r o n a u t s  t o  c a r r y  o u t  t h e  s c i e n -  
t i f i c  exper iments  on t h e  l u n a r  s u r f a c e  w i l l  b e  mounted on t h e  
ALSEP package c a r r i e d  aboard t h e  l u n a r  module. I n d i v i d u a l  p i e c e s  
of  equipment a r e  mounted t o  t h e  ALSEP p a l l e t  by means o f  a soph i s -  
t i c a t e d  t h r e a d e d  f a s t e n e r  sys tem.  The f a s t e n i n g  sys tem i s  de- 
s i g n e d  t o  w i t h s t a n d  t h e  dynamic l o a d s  imposed by v e h i c l e  l aunch ,  
b u t  can b e  e a s i l y  removed by means of a  s i m p l e  t o o l  and t h e  ap- 
p l i c a t i o n  of minimum t o r q u e .  P r o v i s i o n s  f o r  maintenance of prime 
miss ion  equipment which would i n v o l v e  t h e  removal of  o r  r e i n s e r -  
t i o n  of  t h r e a d e d  f a s t e n e r s  i s  n o t  p r e s e n t l y  p lanned f o r  t h e  Ap- 
p o l l o  Program. t 
The Skylab Program i s  planned t o  occur  i n  two c y c l e s  of f i v e  
f l i g h t s  each ,  beg inn ing  i n  1972. Launch d a t e s  a r e  ex t remely  
nebulous and c o n t i n g e n t  upon Apol lo  Program d a t e s  and t h e  a v a i l -  
a b i l i t y  of remaining u s a b l e  Apollo hardware .  The f i r s t  c y c l e  of 
Skylab f l i g h t s  w i l l  b e g i n  w i t h  Skylab-lA, a  twelve- to-four teen-  
day f l i g h t  of  a  Command and S e r v i c e  Nodule (CSM) and a  5000-pound 
exper iment  c a r r i e r  i n c o r p o r a t i n g  e a r t h  s u r f a c e  and atmosphere 
s e n s o r s .  The c a r r i e r  i s  a  p r e s s u r i z e d  t r u n c a t e d  cone t h a t  w i l l  
b e  stowed below t h e  CSM, and t o  which t h e  CSM w i l l  dock i n  a n  
o r b i t a l  t r a n s p o s i t i o n  maneuver. Skylab-1 and Skylab-2 w i l l  b e  
t h e  unmanned l aunch  of t h e  S a t u r n  workshop fo l lowed  w i t h i n  t h r e e  
t o  f i v e  days by a  CSM c a r r y i n g  t h r e e  a s t r o n a u t s .  The S a t u r n  work- 
shop w i l l  s e r v e  a s  a  l i v i n g  and working a r e a  p r o v i d i n g  a  s h i r t -  
s l z e v e  environment f o r  t h e  a s t r o n a u t s .  Most of t h e  exper iments  
w i l l  be  stowed i n  t h e  M u l t i p l e  Docking Adapter  f o r  l a u n c h ,  and 
w i l l  b e  t r a n s f e r r e d  t o  t h e  workshop a r e a  i n  o r b i t .  Skylab-3 w i l l  
b e  launched approx imate ly  t h r e e  t o  f o u r  months a f t e r  Skylab-1 and 
-2, c a r r y i n g  a  CSFI w i t h  three-man crew who w i l l  r e t u r n  w i t h  t h e i r  
d a t a  28 days l a t e r .  Another three-man crew w i l l  go t o  t h e  work- 
shop approximate ly  t h r e e  months l a t e r ,  where they  w i l l  r e a c t i v a t e  
exper iments  and remain f o r  a s  long  a s  56 days .  
The Skylab second c y c l e  w i l l  p robably  b e g i n  w i t h  a  r e s u p p l y  
f l i g h t  t o  t h e  workshop and Apollo Telescope Mount (ATM) s t i l l  i n  
o r b i t  from c y c l e  one.  The remaining cycle-two f l i g h t s  i n v o l v e  
d u a l  CSbI-workshop and CSM-ATM m i s s i o n s ,  s i m i l a r  t o  cycle-one 
f l i g h t s  1-2 and 3-4. 
Resumption of t h e  l u n a r  e x p l o r a t i o n  program i s  a n t i c i p a t e d  
a f t e r  complet ion of  Skylab l a t e  i n  1972.  Apol los  1 7  and 1 8  would 
b e  launched i n  1973,  and Apollo 19 would complete  t h e  program i n  
19 7 4 .  
2 .  Future  Mission C o n c e ~ t s  
Programs such a s  t h e  extended manned o r b i t a l  o p e r a t i o n s  a r e  
b e i n g  s t u d i e d  in-house by NASA a t  t h e  p r e s e n t  t ime ;  t h e s e  i n -  
c l u d e  : 
1 )  Miss ions  l a s t i n g  from s i x  months t o  f i v e  y e a r s  i n  
n e a r - e a r t h  o r b i t s  ; 
2 )  Extended l u n a r  e x p l o r a t i o n  w i t h  g r a d u a l  e x t e n s i o n  
o f  l u n a r  s u r f a c e  e x p l o r a t i o n s  t o  45 days o r  more; 
3) ltanned p l a n e t a r y  f l i g h t s  c o n s i s t i n g  of  f ly -by ,  
o r b i t e r  and l a n d i n g  m i s s i o n s  t o  Mars. 
3 .  Environments in   a ace^ 
The environments  of  s p a c e  w i l l  b e  one o f  t h e  de te rmin ing  
f a c t o r s  i n  t h e  s e l e c t i o n  of t o o l s ,  equipment ,  sys tems ,  methods 
and p rocedures  t o  b e  accomplished d u r i n g  e x t r a - t e r r e s t i a l  m i s -  
s i o n s .  A v a i l a b l e  env i ronmenta l  d a t a  of  t h e  e a r t h ' s  upper a t -  
mosphere, t h e  moon and p l a n e t s ,  i s  o f t e n  c o n t r a d i c t o r y ,  a l t h o u g h  
p rov ided  by eminent as t ronomers  and s c i e n t i s t s .  For purpose  of  
t h i s  s t u d y ,  i t  was n e c e s s a r y  t o  s e l e c t  from t h e  d i f f e r i n g  d a t a  
t h o s e  hypo theses  which were f e l t  t o  b e  most a c c u r a t e ,  and were  
recogn ized  by government a g e n c i e s  a s  b e i n g  most c o r r e c t  a t  t h i s  
t ime .  A t a b l e  of p h y s i c a l  d a t a  comparing e a r t h  w i t h  Mars, Venus, 
and t h e  moon appears  i n  Tab le  11-1. 
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Atmospheric p r e s s u r e  and d e n s i t y  a r e  g r e a t e r  a t  t h e  s u r f a c e  
of t h e  e a r t h  and d imin i sh  a s  a l t i t u d e  d e c r e a s e s .  Heavier  g a s e s  
such a s  n i t r o g e n ,  oxygen, and argon a r e  c o n c e n t r a t e d  n e a r  t h e  
s u r f a c e ,  w h i l e  l i g h t e r  g a s e s  such  as hydrogen and he l ium become 
predominant a t  t h e  h i g h e r  a l t i t u d e s .  A t  e a r t h  o r b i t a l  a l t i t u d e s  
of from 100 t o  200 m i l e s  t h e  a tmospher ic  p r e s s u r e  i s  i n  t h e  o r d e r  
of 1 x t o  1 x t o r r .  From 300 m i l e s  a l t i t u d e  t h e  p r e s s u r e  
drop i s  more g r a d u a l ,  r e a c h i n g  an  e s t i m a t e d  7 . 6  x 10- l2  t o r r  a t  
t h e  l u n a r  s u r f a c e  ( a s  shown i n  F i g u r e  11-1).  
Altitude (miles) 
Figure 11-1 Pressure as a  Function o f  Alti tude4 
S o l a r  energy r e a c h i n g  t h e  e a r t h ' s  upper atmosphere c a u s e s  h e a t -  
i n g  of t h e  gases .  The h e a t  i s  d i s t r i b u t e d  through t h e  atmosphere 
by convec t ion ,  t h u s  p r o v i d i n g  some degree  of t empera tu re  s t a b i l i z -  
a t i o n  i n  t h e  upper t roposphere .  Some of t h e  s o l a r  energy p e n e t r a t e s  
t h e  atmosphere and s t r i k e s  t h e  e a r t h ' s  s u r f a c e .  The i n t e n s i t y  of 
t h e  p e n e t r a t i n g  energy de te rmines  t o  a  l a r g e  e x t e n t  l o c a l  tempera- 
t u r e s  on e a r t h .  Objec t s  i n  t h e  d i r e c t  s u n l i g h t  w i l l  absorb s o l a r  
energy w i t h  a  c o n s e q u e n t i a l  t empera tu re  r i s e ,  The o b j e c t ,  how- 
e v e r ,  will n o t  reach  t h e  t empera tu re  of t h e  s o l a r  energy because 
sur rounding  a i r  w i l l  conduct t h e  h e a t  away from i t .  
The k i n e t i c  t empera tu res  of s o l a r  energy reach  v a l u e s  on t h e  
o r d e r  of 2000°F and h i g h e r  a t  a l t i t u d e s  i n  t h e  v i c i n i t y  o f  500 
t o  600 m i l e s .  S i n c e  t h e r e  i a  no atmosphere t o  conduct t h e  h e a t  
away from t h e  o b j e c t ,  t h e  s u r f a c e  temperature  t h a t  a n  o b j e c t  a t -  
t a i n s  i s  determined p r i m a r i l y  by i t s  a b i l i t y  t o  r e f l e c t  s o l a r  
energy.  Above t h e  a tmosphere ,  an o b j e c t  i n s u l a t e d  from s o l a r  
energy w i l l  become c o l d ,  w i t h  i t s  tempera tu re  approach ing  abso- 
l u t e  ze ro .  I n  p r a c t i c a l  c a s e s ,  t h e  upper t empera tu re  l i m i t  t h a t  
an  o b j e c t  w i l l  a c t u a l l y  a t t a i n  i s  c o n t r o l l e d  by t h e  s e l e c t i o n  of 
r e f l e c t i v e  f i n i s h e s  and t h e  h e a t  f low p a t h s  t h a t  e x i s t  between 
t h e  s u r f a c e s  exposed t o ,  and o p p o s i t e  from, t h e  sun .  It i s  gen- 
e r a l l y  expec ted  t h a t  s t r u c t u r e s  o r b i t i n g  i n  s p a c e  w i l l  range i n  
t empera tu re  from approx imate ly  -150°F t o  +250°F. 
Space v e h i c l e s  v e n t u r i n g  beyond t h e  t e r r e s t i a l  atmosphere 
a r e  s u b j e c t  t o  t h e  d i r e c t  impingement o f  meteoroid  d e b r i s ,  which 
ranges  i n  s i z e  from s m a l l  d u s t - l i k e  p a r t i c l e s  t o  rocks  t h e  s i z e  
of marbles  and o c c a s i o n a l l y  l a r g e r .  Th i s  s p a c e  d e b r i s  t r a v e l s  
a t  g r e a t  speeds  i n  u n p r e d i c t a b l e  q u a n t i t i e s ,  and p o s s e s s e s  s u f -  
f i c i e n t  mass t o  p e n e t r a t e  an  unpro tec ted  s p a c e c r a f t  o r  s p a c e s u i t .  
Beginning a t  about 500 m i l e s  a l t i t u d e  and e x t e n d i n g  t o  40,000 
( a t  t imes  60,000) m i l e s  away from t h e  e a r t h  i s  t h e  phenomenon 
known a s  t h e  Van A l l e n  R a d i a t i o n  B e l t .  It is  thought  t o  be com- 
posed of t r a p p e d  s o l a r  p r o t o n s  of i o n i z e d  hydrogen n u c l e i  and 
neu t rons  genera ted  by t h e s e  p r o t o n s .  
The a l t i t u d e ,  i n t e n s i t y  and shape of t h e  b e l t  changes con- 
s i d e r a b l y  from month t o  month, making p r e c i s e  measurement and pre-  
d i c t i o n s  d i f f i c u l t .  The r a d i a t i o n  b e l t  (which does n o t  r a d i a t e )  
i s  formed p e r p e n d i c u l a r  t o  t h e  e a r t h ' s  magnetic f i e l d .  
S o l a r  f l a r e s ,  composed of ve ry  h igh  energy i o n i z e d  hydrogen 
p r o t o n s ,  a r e  randomly e m i t t e d  from t h e  sun.  T h e i r  s e v e r i t y  and 
frequency of occur rence  t end  t o  f o l l o w  a  c y c l i c  p a t t e r n  w i t h  maxi- 
mum a c t i v i t y  o c c u r r i n g  every  11 y e a r s .  S o l a r  f l a r e  a c t i v i t y  i s  
now i n  a  maxima p e r i o d ,  which began i n  1969 and w i l l  end i n  1971. 
A s o l a r  f l a r e  i s  sometimes r e f e r r e d  t o  a s  a  tongue of plasma. 
The f l a r e  c o n s i s t s  of r e l a t i v e l y  slow moving charge  p a r t i c l e s  con- 
t a i n e d  w i t h i n  s t r o n g  magnetic l i n e s  of f o r c e  emina t ing  from t h e  
sun .  A s  t h e  tongue of plasma reaches  t h e  e a r t h ,  i t  p rov ides  a  d i -  
r e c t  easy  p a t h  from t h e  s u n  f o r  a d d i t i o n a l  heavy c o n c e n t r a t i o n  of 
charged s o l a r  p a r t i c l e s .  
The l a c k  of g r a v i t y  and t h e  n e c e s s i t y  t o  wear cumbersome 
p r e s s u r i z e d  s p a c e s u i t s  w i l l ,  of  c o u r s e ,  be a  h indrance  t o  any 
t a s k  performed by man i n  s p a c e .  With r e s p e c t  t o  f a s t e n e r s ,  how- 
e v e r ,  t h e  combination of ha rd  vacuum and e l e v a t e d  t empera tu res  
c a n  prove p a r t i c u l a r l y  t roublesome,  r e s u l t i n g  i n  g a l l i n g ,  s e i z -  
i n g ,  c o l d  welding and d i f f u s i o n  bonding; a l l  of which a r e  terms 
d e s c r i b i n g  t h e  same e f f e c t .  F a s t e n e r  components made from met- 
a l s  such a s  s t a i n l e s s  s t e e l  and t i t a n i u m  have been t e s t e d  i n  
vacuum f u r n a c e s .  Tes t  r e s u l t s  proved c o n c l u s i v e l y  t h a t  t h e s e  
m a t e r i a l s  must b e  p r o t e c t i v e l y  c o a t e d  t o  p r e v e n t  immediate and 
s e v e r e  g a l l i n g .  These c o a t i n g s  a r e  d i s c u s s e d  i n  t h i s  r e p o r t .  
4. M i ss i on  Impact on Fastener  S e l e c t i o n  
From t h e  above d i s c u s s i o n  o f  f u t u r e  miss ion  p l a n s ,  i t  i s  
c l e a r  t h a t  many d i f f e r e n t  c o n f i g u r a t i o n s  of equipment w i l l  ex- 
i s t .  J o i n t  and f a s t e n e r  sys tems w i l l  have t o  be  t a i l o r e d  f o r  
t h e  s p e c i f i c  miss ion  t h e  equipment i s  i n t e n d e d  t o  perform. For 
example, some equipment must b e  threaded-fastener-mounted p r i o r  
t o  l aunch ,  e a s i l y  demounted by t h e  p r e s s u r e - s u i t e d  a s t r o n a u t  on 
t h e  l u n a r  s u r f a c e  w i t h  no requirement  f o r  remounting (ALSEP). 
Other  equipment,  such a s  t h e  Skylab exper iment  packages ,  a r e  t o  
b e  p re launch  mounted and,  upon o b t a i n i n g  e a r t h  o r b i t ,  w i l l  b e  de- 
mounted, moved, and remounted by t h e  a s t r o n a u t s .  P r e s e n t  Skylab 
g u i d e l i n e s  f o r  o r b i t a l  o p e r a t i o n  c a l l  f o r  one-handed f a s t e n e r  
m a n i p u l a t i o n ,  r e q u i r i n g  no t o o l s  i f  p o s s i b l e ,  d u r i n g  t h e  o r b i t a l  
equipment t r a n s f e r  o p e r a t i o n .  A f u r t h e r  requ i rement ,  impl ied  
by t h e  ATM and Skylab c l u s t e r  o p e r a t i o n s ,  would b e  f a s t e n e r - j o i n t  
c o n f i g u r a t i o n s ,  which would be assembled i n  o r b i t .  These j o i n t s  
and r e s u l t i n g  s t r u c t u r e s  would n o t  be s u b j e c t  t o  t h e  same s e v e r e  
s t r e s s e s  of t h e  launch environment ,  and t h e r e f o r e  could  be  de- 
s i g n e d  f o r  optimum o r b i t a l  assembly p rocedures .  
B .  PRESENT DAY FASTENER TECHNOLOGY 
1. J o i n t j F a s t e n e r  System 
A j o i n t  may be d e f i n e d  a s  t h e  l o c a t i o n  i n  s t r u c t u r e  where 
two o r  more members a r e  t o  b e  ( o r  have been) f a s t e n e d  t o g e t h e r  
mechan ica l ly  by r i v e t i n g ,  b o l t i n g  o r  s p e c i a l t y  f a s t e n i n g ,  o r  by 
b r a z i n g  o r  we ld ing4 .  I n  t h i s  r e p o r t  we w i l l  d e a l  only  w i t h  t h e  
t h r e a d e d  f a s t e n e r  method of j o i n i n g .  The a b i l i t y  of a j o i n t  t o  
m a i n t a i n  i t e  d e s i g n  performance i a  baaed t o  a large  degree  an 
t h e  r e l i a b i l i t y  of i t s  component p a r t s ,  These p a r t s  i n c l u d e  t h e  
th readed  b e l t ,  n u t  o r  th readed  h o l e ,  a s s o c i a t e d  l o c k i n g  d e v i c e s ,  
and c o n f i g u r a t i o n  o f  t h e  f a y i n g  s u r f a c e s ,  The i d e a l  j o i n t / f a s -  
t e n e r  sys tem f o r  maintenance o r  assembly would b e  one i n  which 
two o r  more members cou ld  be j o i n e d  t o g e t h e r  u s i n g  one f a s t e n e r  
t o  form a  s i n g l e  s t r u c t u r e  hav ing  t h e  c h a r a c t e r i s t i c s  of a  ho- 
mogeneous mass. Make o r  b r e a k  of t h e  i d e a l  j o i n t  would b e  ac- 
complished by manipu la t ion  o f  t h e  s i n g l e  f a s t e n e r  w i t h  minimal 
f o r c e  and s imple  o r  no t o o l s .  However, des ign  c o n s t r a i n t s  i m -  
posed by m i s s i o n  requ i rements  and o t h e r  p r a c t i c a l  c o n s i d e r a t i o n s  
p reven t  achievement of t h e  i d e a l  j o i n t l f a s t e n e r  sys tem.  Con- 
s t r a i n i n g  f a c t o r s  i n c l u d e  such  t h i n g s  a s  weight ,  volume, s t r e n g t h  
of m a t e r i a l s ,  env i ronmenta l  f a c t o r s ,  human f a c t o r s ,  e t c .  
I n  d i s c u s s i n g  t h e  j o i n t  f a s t e n e r  sys tem d e s i g n  problem w i t h  
e n g i n e e r i n g  p e r s o n n e l  i n  t h e  ae rospace  f i e l d ,  i t  becomes r e a d i l y  
a p p a r e n t  t h a t  t h e r e  i s  a d i v i d e d  s c h o o l  of thought  between s t r u c -  
t u r a l  d e s i g n  e n g i n e e r s  and t h o s e  o r i e n t e d  t o  m a i n t a i n a b i l i t y  o r  
human f a c t o r s .  The s t r u c t u r a l  e n g i n e e r  a t t e m p t s  t o  d e s i g n  t o  
optimum s t r u c t u r a l  i n t e g r i t y  b u t  f e e l s  h e  i s  impeded by t h e  main- 
t a i n a b i l i t y l h u m a n  f a c t o r s  requ i rements .  On t h e  o t h e r  hand, t h e  
main ta inab i l i ty /human  f a c t o r s  e n g i n e e r s  f e e l  e q u a l l y  s t r o n g  t h a t  
a  m a i n t a i n a b l e  j o i n t  cou ld  b e  ach ieved  by t h e  s t r u c t u r e s  e n g i n e e r  
w i t h  a  l i t t l e  more thought ,  and w i t h  l i t t l e  change i n  d e s i g n ,  
we igh t ,  volume, e t c .  One r e a s o n  f o r  t h e  misunders tand ing  i s  t h a t  
w h i l e  many peop le  have a  degree  o f  unders tand ing  of t h e  problems 
r e l a t i n g  t o  m a i n t a i n a b i l i t y  and human f a c t o r s ,  few peop le  a r e  
f a m i l i a r  w i t h  t h e  ground r u l e s  which guide  t h e  s t r u c t u r a l  eng i -  
n e e r  i n  h i s  q u e s t  f o r  t h e  optimum j o i n t .  
The e n g i n e e r ' s  c h o i c e  of f a s t e n e r  s i z e ,  and t h e  number of f a s -  
t e n e r s  r e q u i r e d  t o  s e c u r e  a  g iven  j o i n t ,  i s  guided t o  a  l a r g e  ex- 
t e n t  by t h e  mechanical  r equ i rements  of t h e  j o i n t .  A sample prob- 
lem would be d e f i n i n g  t h e  p roper  number and s i z e  o f  f a s t e n e r s  r e -  
q u i r e d  t o  s e c u r e  a n  aluminum box s t r u c t u r e  where t h e  fayed s u r f a c e s  
of t h e  j o i n t  a r e  formed by e x t e n s i o n s  of t h e  r e a r  w a l l  of t h e  box 
t o  a  channel  s t r u c t u r e .  Key f a c t o r s  which would de te rmine  f a s -  
t e n e r  s e l e c t i o n  f o r  t h i s  p a r t i c u l a r  problem would be  c h a r a c t e r i s -  
t i c s  of t h e  box m a t e r i a l ,  such a s  t h i c k n e s s ,  d u c t i l i t y ,  l e n g t h  
and wid th  of t h e  fayed s u r f a c e ,  number of mounting s t r i p s ,  and 
t h e  weight  of t h e  box. I n  a d d i t i o n ,  f o r c e s  such a s  a c c e l e r a t i o n  
and v i b r a t i o n  must a l s o  b e  known and t aken  i n t o  a c c o u n t .  Thin 
gage m a t e r i a l s  t e n d  t o  deform under t h e  compression of l a r g e  f a s -  
t e n e r s  when t h e  l a r g e  f a s t e n e r s  a r e  torqued t o  recommended v a l u e s .  
The s e l e c t e d  head c o n f i g u r a t i o n s  must d i s t r i b u t e  t h e  clamp f o r c e  
p r o p e r l y .  For  t h i s  r e a s o n ,  s e v e r a l  s m a l l  f a s t e n e r s  a r e  g e n e r a l l y  
u sed  t o  s e c u r e  t h i s  t y p e  o f  j o i n t .  I f  d u r i n g  t h e  t r a d e o f f  de- 
c i s i o n  p e r i o d  i t  i s  d e c i d e d  t h a t  f o r  m a i n t a i n a b i l i t y  r e a s o n s  a  
fewer  number o f  l a r g e  f a s t e n e r s  must b e  u s e d ,  i t  i s  g e n e r a l l y  
n e c e s s a r y  t o  r e d e s i g n  t h e  j o i n t  e i t h e r  by i n c r e a s i n g  t h e  t h i c k -  
n e s s  o f  t h e  m e t a l  o r  p r o v i d i n g  l o a d  d i s t r i b u t i n g  pads  be tween t h e  
head  o f  t h e  f a s t e n e r  and t h e  m a t e r i a l  t o  b e  j o i n e d .  T h i s  t r a d e -  
o f f  enhances  m a i n t a i n a b i l i t y  b u t  d e g r a d e s  w e i g h t  g o a l s .  
F a s t e n e r s  g e n e r a l l y  a r e  t o r q u e d  t o  t h e  v a l u e s  recommended i n  
t a b l e s  s u p p l i e d  by t h e  f a s t e n e r  m a n u f a c t u r e r s .  Torque  i s  u s e 3  
a s  a  means o f  e v a l u a t i n g  t h e  stress i n d u c e d  i n  a f a s t e n e r  i n s t e a d  
of  measurement o f  b o l t  s t r a i n  o r  angu la r ,movemen t  of  t h e  head  o r  
n u t ,  p r i m a r i l y  b e c a u s e  i t  l e n d s  i t s e l f  t o  p r a c t i c a l  u s e .  Torque 
t e n s i o n  r e l a t i o n s h i p s  a r e  h i g h l y  dependen t  upon t h e  c o e f f i c i e n t  
o f  f r i c t i o n  e x i s t i n g  be tween t h e  engaged t h r e a d s  and  t h e  f a y e d  
s u r f a c e s  o f  t h e  t o r q u e d  member o f  a  f a s t e n i n g  s y s t e m .  The t o r q u e  
r e q u i r e d  t o  p roduce  a g i v e n  b o l t  t e n s i o n  c a n  u s u a l l y  b e  e s t i m a t e d  
from t h e  f o l l o w i n g  approx ima te  e q u a t i o n :  
T  = KDW 
where T = Torque ( l b - i n . )  
K = Torque  C o e f f i c i e n t  ( a p p r o x i m a t e l y  0 . 2 )  
D = Nominal B o l t  S i z e  ( i n . )  
W = B o l t  Tens ion  ( l b )  
Al though K i s  g e n e r a l l y  e x p r e s s e d  a s  b e i n g  a b o u t  0 . 2 ,  t h e  ac -  
t u a l  c o e f f i c i e n t  o f  f r i c t i o n  is  dependen t  upon many t h i n g s .  The 
more common o f  t h e s e  v a r i a b l e s  a r e :  
1 )  Whether t h e  f a s t e n e r  i s  o r  i s  n o t  p l a t e d  and ,  i f  
s o ,  t h e  t y p e  o f  p l a t i n g ;  
2 )  Whether i t  i s  l u b r i c a t e d  a n d ,  i f  s o ,  t h e  t y p e  
and amount o f  l u b r i c a n t  u s e d ;  
3 )  The RPIS f i n i s h  o f  t h e  c o n t r a c t i n g  s u r f a c e s  o f  
t h r e a d s  and n u t  o r  b o l t  h e a d  f a y e d  s u r f a c e s ;  
4 )  Class o f  f i t  ( t o l e r a n c e  a l l o w a n c e  o f  t h r e a d s ) .  
V a r i a b l e s  such a s  t h e s e  can  r e s u l t  i n  b o l t  t e n s i o n s  which 
vary  a s  much a s  30% from one a n o t h e r  when a  s i m i l a r  group of 
b o l t s  a r e  to rqued  t o  t h e  same v a l u e .  Optimum f a t i g u e  c h a r a c t e r -  
i s t i c s ,  an  impor tan t  c o n s i d e r a t i o n  of h igh  performance a e r o s p a c e  
f a s t e n e r s ,  can be  ach ieved  t h e o r e t i c a l l y  when a th readed  j o i n t  
i s  p r e s t r e s s e d  t o  o r  above t h e  y i e l d  p o i n t  of t h e  t h i n n e s t  mate- 
r i a l  and then  s l i g h t l y  l o o s e n e d e 6  I n  s o  doing,  r e s i d u a l  s t r e s s e s  
a r e  s e t  up a t  p o i n t s  of g r e a t e s t  s t r e s s  c o n c e n t r a t i o n  such a s  t h e  
r o o t s  of t h r e a d s .  Tables  s e t t i n g  f o r t h  recommended v a l u e s  o f  
t o r q u e  f o r  v a r i o u s  s i z e  f a s t e n e r s  and used by t h e  e n g i n e e r  com- 
r ~ ~ u n i t y  i n  t h e  d e s i g n  of t h e  j o i n t  a r e  developed t h e o r e t i c a l l y  
wherein  t h e  recommended t o r q u e  v z l u e  w i l l  r e s u l t  i n  a  s t r e s s  e q u a l  
t o  about  80% of t h e  y i e l d  p o i n t  f o r  a  g iven f a s t e n e r .  Maximum 
o v e r a l l  f a s t e n e r  performance ( s t r e n g t h  t o  weight  r a t i o ,  f a t i g u e  
l i f e ,  clamp f o r c e ,  e t c . )  i s  b e s t  guaranteed when t h e  recommended 
to rque  v a l u e s  a r e  adhered t o .  
3. M a t e r i a l s  and Coa t i ngs  
Threaded f a s t e n e r  j o i n t s  des igned  i n t o  e x i s t i n g  and planned 
s p a c e c r a f t  a r e  g e n e r a l l y  made up of m a t e r i a l s  such a s  aluminum, 
t i t a n i u m ,  s t a i n l e s s  s t e e l  o r  s t e e l  a l l o y s .  About one-half  of 
t h e  th readed  f a s t e n e r s  used by t h e  ae rospace  i n d u s t r y  a r e  f a b r i -  
c a t e d  from a l l o y  s t e e l s .  The remainder  of t h e  th readed  f a s t e n e r s  
a r e  made of t i t a n i u m .  F a s t e n e r s  made of s p e c i a l  m a t e r i a l s  such  
a s  t u n g s t e n ,  boron,  b e r y l l i u m ,  e t c . ,  comprise less t h a n  1% of  t h e  
t o t a l  f a s t e n e r  p roduc t ion .  The h i g h  s t reng th- to -weigh t  r a t i o  o f  
t h e  t i t a n i u m  f a s t e n e r  makes i t  an  i d e a l  c a n d i d a t e  f o r  f u t u r e  space-  
c r a f t  c o n s t r u c t i o n .  
For y e a r s ,  cadmium p l a t i n g  h a s  been t h e  most p o p u l a r l y  s p e c i -  
f i e d  f i n i s h  a p p l i e d  t o  a l l o y  s t e e l  f a s t e n e r s .  It p r o v i d e s  a  f i n -  
i s h  which improves c o r r o s i o n  r e s i s t a n c e  and i n h i b i t s  hydrogen 
embr i t t l ement  .' I n  a d d i t i o n ,  t h e  cadmium p l a t i n g  p r o c e s s  a l s o  
a c t s  a s  a  l u b r i c a n t .  S ince  t h e  p l a t i n g  i s  a p p l i e d  under ve ry  
c o n t r o l l e d  c i r c u m s t a n c e s ,  t h e  c o e f f i c i e n t  of f r i c t i o n  can b e  more 
c l o s e l y  c o n t r o l l e d ,  the reby  improving t h e  t o r q u e l t e n s i o n  r e l a t i o n -  
s h i p s .  
Cadmium p l a t i n g ,  on t h e  o t h e r  hand, h a s  one s e r i o u s  disadvan-  
t a g e .  When s u b j e c t e d  t o  h i g h  vacuum and e l e v a t e d  t e m p e r a t u r e s ,  
t empera tu res  a s  low a s  400°F, i t  t e n d s  t o  s u b l i m a t e .  A s  cadmium 
e v a p o r a t e s  from t h e  h o t  s u r f a c e  i t  w i l l  r e p l a t e  i t s e l f  on c o o l e r  
s u r f a c e s  i n  t h e  immediate v i c i n i t y .  U n f o r t u n a t e l y ,  t h e s e  c o o l e r  
s u r f a c e s  i n c l u d e  o p t i c s ,  a n t e n n a s ,  e l e c t r i c a l  i n s u l a t o r s ,  e t c .  
For t h e s e  r e a s o n s ,  cadmium p l a t e d  f a s t e n e r s  a r e  no l o n g e r  a l lowed 
t o  b e  used i n  t h e  d e s i g n  of manned s p a c e c r a f t  o r  t h e  exper iments  
con ta ined  t h e r e o n  ( s e e  F i g u r e  11-2). 
S t a i n l e s s  s t e e l  f a s t e n e r s ,  by v i r t u e  of t h e i r  m e t a l l u r g y ,  o f -  
f e r  e x c e l l e n t  c o r r o s i o n  r e s i s t a n c e .  I f ,  however, s t a i n l e s s  s t e e l  
b o l t s  a r e  used i n  c o n j u n c t i o n  w i t h  s t a i n l e s s  s teel  n u t s ,  p a r t i c u -  
l a r l y  l o c k  n u t s ,  s e r i o u s  g a l l i n g  problems o c c u r  which r e s u l t  i n  
damage t o  t h e  t h r e a d s  and u n r e l i a b l e  t o r q u e / t e n s i o n  c h a r a c t e r i s -  
t i c s .  The n u t s  a r e  u s u a l l y  s i l v e r  p l a t e d  t o  overcome g a l l i n g .  
S i l v e r  does n o t  r e a d i l y  s u b l i m a t e  and a c t s  as a  l u b r i c a n t  and 
a n t i g a l l i n g  a g e n t .  
Ti tanium i s  even more s u s c e p t i b l e  t o  g a l l i n g  o r  s e i z i n g  t h a n  
s t a i n l e s s  s t e e l ,  even under a tmospher ic  c o n d i t i o n s .  T e s t s  con- 
ducted by t h e  Hi-Shear Corpora t ion ,  u s i n g  t h e  MacMillan wear 
t e s t e r ,  showed t h a t  immediate g a l l i n g  and s e i z i n g  took p l a c e  when 
t e s t  l o a d s  exceed ing  3500 p s i  were a p p l i e d  t o  t h e  uncoated t i t a -  
nium t e s t  samples .  Ti tanium t e s t  samples t r e a t e d  w i t h  Hi-Shear 
Type 11, Code 1000 s u r f a c e  c o a t i n g ,  were  a b l e  t o  w i t h s t a n d  l o a d i n g  
of 35,000 p s i  and 278.5 wear-feet  b e f o r e  f a i l u r e .  The a d d i t i o n  
of a  dry  f i l m  l u b r i c a n t  a p p l i e d  o v e r  t h e  c o a t i n g  can improve wear 
c h a r a c t e r i s t i c s  by a  f a c t o r  of f o u r .  The Hi-Shear Corpora t ion  
a l s o  o f f e r s  a c o a t i n g  d e s i g n a t e d  Type I. T h i s  c o a t i n g  i s  used 
p r i m a r i l y  f o r  i d e n t i f i c a t i o n ,  and i s  a v a i l a b l e  i n  s e v e r a l  c o l o r s .  
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Figure 11-2 Evaporation Rates f o r  Various Metals i n  Vacuum, 
Ambient Pressure:  0 . 8  x 10-7 t o  2 . 0  x 10-6 mill imeter  
of Mercury 
Voi-Shan Manufacturing h a s  r e c e n t l y  developed a new c o a t i n g  
m a t e r i a l  f o r  Ti tanium f a s t e n e r s ,  d e s i g n a t e d  VSM 1 1 7 1 ,  ' T e s t  re-  
s u l t s  pub l i shed  by Voi-Shan i n d i c a t e  t h a t  t h e  c o a t i n g  e f f e c t i v e l y  
reduces  t h e  g a l l i n g  tendency of t i t a n i u m .  D i s s i m i l a r  meta l  cor-  
r o s i o n  does n o t  a f f e c t  t i t a n i u m  because  of i t s  proximity  t o  t h e  
nob le  m e t a l s  i n  t h e  g a l v a n i c  s e r i e s ,  b u t  i t  can s i m u l a t e  s a c r i -  
f i c i a l  g a l v a n i c  c o r r o s i o n  when coupled w i t h  t h e  l e s s  nob le  m e t a l s ,  
p a r t i c u l a r l y  magnesium and aluminum. Pub l i shed  t e s t  r e s u l t s  o f  
b o t h  t h e  Type I1 and VSM 1171 c o a t i n g s  a r e  e f f e c t i v e  i n  r e d u c i n g  
s a c r i f i c i a l  g a l v a n i c  c o r r o s i o n .  In format ion  concerning t h e  chem- 
i c a l  makeup of t h e  t i t a n i u m  c o a t i n g s  d i s c u s s e d  i n  t h i s  r e p o r t  
were cons idered  p r o p r i e t a r y  by t h e  manufac tu re r s .  
No t e s t s  have been conducted which would i - n d i c a t e  how w e l l  
t h e  coa ted  t i t a n i u m  f a s t e n e r s  would w i t h s t a n d  t h e  r i g o r s  o f  i n -  
s t a l l a t i o n  u s i n g  p roduc t ion  t y p e  r o t a r y  impact t o o l s .  Th i s  t y p e  
of t o o l i n g  i s  most commonly used d u r i n g  p roduc t ion  assembly and 
a s  p o r t a b l e  f a s t e n e r  i n s t a l l a t i o n  t o o l i n g ,  and was u t i l i z e d  i n  
Phase I V  t e s t i n g .  
4 .  Fastener Head Configurations 
Proper  s e l e c t i o n  of t h e  head s t y l e  o f  t h e  f a s t e n e r  o r  n u t  may 
w e l l  b e  t h e  f a c t o r  t h a t  de te rmines  whether  an  a s t r o n a u t  may o r  
nay n o t  be  a b l e  t o  perform maintenance o r  assembly of t h e  j o i n t  
w h i l e  i n  o r b i t .  With r e s p e c t  t o  t h e  f a s t e n e r ,  t o o l ,  a s t r o n a u t  
i n t e r f a c e  sys tem,  f a s t e n e r s  t end  t o  f a l l  i n t o  t h r e e  c a t e g o r i e s .  
The f i r s t  ca tegory  i n c l u d e s  t h o s e  head s t y l e s  which r e q u i r e  on ly  
t o r s i o n a l  f o r c e s  t o  remove o r  i n s t a l l .  With t h e  a p p l i c a t i o n  of 
t o r q u e ,  t h e  t o o l  i s  drawn toward t h e  f a s t e n e r  head,  t h e r e f o r e  re -  
q u i r i n g  no a x i a l  f ~ r c e . ~ , ~  The h igh- to rque  f a s t e n e r  is  an  ex- 
ample which meets t h i s  r equ i rement .  The f a s t e n e r  head incorpo-  
r a t e s  a  sha l low arc-shaped s l o t .  Viewed from t h e  end,  t h e  s l o t  
w a l l s  d i v e r g e  t o  form an  i n v e r t e d  keys tone  shape and converge 
toward t h e  c e n t e r .  The same a n g l e s  a r e  formed on t h e  d r i v i n g  
t o o l ,  and t h e r e f o r e  develop evenly  d i s t r i b u t e d  l o a d i n g  on t h e  
d r i v e n  r e c e s s e d  w a l l s .  Th i s  type  of f a s t e n e r  head w i l l  f a i l  i n  
s h e a r  r a t h e r  than  cam-out. 
The second ca tegory  of head s t y l e s  i n c l u d e s  hexagon, twelve 
p o i n t  ( t e n s i o n - t y p e ) ,  and s p l i n e  head.  This  type  of head r e q u i r e s ,  
i n  a d d i t i o n  t o  t o r q u e ,  on ly  minimal a x i a l  f o r c e  requ i rement .  
The t h i r d  c a t e g o r y  of  head s t y l e  r e q u i r e s  b o t h  t o r q u e  and ax- 
i a l  f o r c e s  t o  remove o r  i n s t a l l ,  Head s t y l e  examples a r e  t h e  
F r e a r s o n  (Reed and P r i n c e ) ,  t h e  P h i l l i p s ,  t h e  p l a i n - s l o t t e d  and 
t h e  Torq-Set .  I n  a d d i t i o n  t o  t h e  d u a l  f o r c e  requ i rement ,  f a i r l y  
t r u e  a x i a l  a l ignment  between t h e  d r i v i n g  t o o l  and t h e  f a s t e n e r  
head must be  m a i n t a i n e d .  F a i l u r e  t o  m a i n t a i n  t r u e  a x i a l  a l i g n -  
ment o r  s u f f i c i e n t  a x i a l  f o r c e  w i l l  r e s u l t  i n  cam-out and subse-  
quent  damage t o  t h e  f a s t e n e r  Three  major a i r f r a m e  
manufac tu re r s  a r e  p r e s e n t l y  p ropos ing  a  new head s t y l e  a s  a n  
ae rospace  s t a n d a r d .  The c o n f i g u r a t i o n  i s  c a l l e d  t h e  t r i - w i n g  
r e c e s s ;  and w i t h  t h e  e x c e p t i o n  of hav ing  one l e s s  wing,  appears  
t o  be  i d e n t i c a l  t o  t h e  t o r q u e - s e t  f a s t e n e r .  However, i t  pro- 
v i d e s  a  g r e a t e r  d r i v i n g  s u r f a c e  f o r  t h e  removal of  g a l l e d  o r  
corroded f a s t e n e r s .  
R e p r e s e n t a t i v e s  of  f a s t e n e r  manufac tu re r s  i n d i c a t e  a  h igh  
degree  of r e sponse  t o  customer r e q u i r e m e n t s .  S i n c e  no customer 
h a s  p l a c e d  s u b s t a n t i a l  emphasis on t h e  t o o l  r e t e n t i o n  c a p a b i l i t y  
of t h e  f a s t e n e r  head ,  l i t t l e  h a s  been  done i n  t h i s  a r e a .  Due t o  
t h e  extreme c o m p e t i t i v e  n a t u r e  of t h e  f a s t e n e r  i n d u s t r y ,  manu- 
f a c t u r e r s  a r e  h e s i t a n t  t o  r i s k  money o r  machine t ime on hardware 
which h a s  l i t t l e  o r  no p r e s e n t  marke t .  I f  f a s t e n e r  head s t y l e s  
p a r t i c u l a r l y  s u i t e d  f o r  in-space  maintenance and assembly a r e  t o  
b e  developed,  i n d u s t r y  a n d / o r  government must f i r m l y  e s t a b l i s h  
t h e  requirement  b e f o r e  t h e  f a s t e n e r  i n d u s t r y  w i l l  f o l l o w  through.  
5. Tools for  Use i n  Space 
For Skylab,  ground r u l e s  have been  e s t a b l i s h e d  which c a l l  f o r  
t h e  removal and i n s t a l l a t i o n  of  t h e  mounting hardware  f o r  t h e  
exper iment  packages t o  be  accoraplished w i t h o u t  t o o l s .  l 2  Spe- 
c i a l  f a s t e n e r s  des igned  t o  meet t h i s  requirement  a r e  b e i n g  eng i -  
n e e r e d ,  b u t  by v i r t u e  of  t h e i r  s i z e  and complexi ty  w i l l  have l i m -  
i t e d  f u t u r e  a p p l i c a t i o n s .  Fur thermore ,  t h e s e  f a s t e n e r s  w i l l  n o t  
p rov ide  t h e  a s t r o n a u t  w i t h  prime m i s s i o n  hardware  remove and r e -  
placement t a s k  e x p e r i e n c e  w h i c h - w i l l  b e  n e c e s s a r y  f o r  t h e  success -  
f u l  accomplishment o f  i n t e r p l a n e t a r y  manned f l i g h t .  Another ex- 
ample of t h e  tendency t o  avo id  r e l a t i v e  maintenance t a s k s  and 
t o o l s  i s  t h e  S a t u r n  workshop t a s k  dome h a t c h  cover  problem. The 
a s t r o n a u t  would have been r e q u i r e d  t o  use  a  power wrenching t o o l  
t o  remove 7 2  t h r e a d e d  f a s t e n e r s  i n  o r d e r  t o  remove t h e  h a t c h  cover  
of  t h e  dome i n  i t s  o r i g i n a l  c o n f i g u r a t i o n .  I n s t e a d ,  t h e  h a t c h  
cover  was r e d e s i g n e d  t o  b e  e l e c t r i c a l l y  o p e r a t e d .  
Whether the tools required for torquing fasteners should be 
powered or manually operated will depend to a large extent on 
the size and number of fasteners involved. Large fasteners re- 
quiring high torque values will require power tools, On the 
other hand, if the large fasteners require minimal torque, such 
as assembly of orbital structures, a manually-operated wrench 
will suffice. If many small fasteners must be removed or in- 
stalled, a small power tool again would be an asset by reducing 
time, astronaut fatigue, and drain on the life support system. 
Random maintenance tasks involving fastener sizes up to 5116th~ 
can probably be handled using manual tools. ' 
Regardless of whether power or manually-operated tools are 
used, it is important that the tool/fastener head interface per- 
mit easy mating, and that push-away forces generated between the 
head and tool can be minimized or eliminated. 
Another important consideration is the ability of the tool 
to retain the fastener during installation and removal. In many 
instances this can be accomplished by modification of existing 
fastener head styles or tools. Retention of the fastener by the 
tool will minimize direct handling by the astronaut, thereby re- 
ducing the possibility of losing the hardware, 
In addition to the tools used for installation or removal of 
the bolt, another requirement exists for a simple fastener re- 
tention system; minimal direct handling of the fasteners. It 
could be something as simple as a poly-foam block which would 
permit the astronaut to deposit the fastener directly from the 
tool into the block. \*.%en ready for installation he would merely 
re-engage the tool with the fastener head and pluck the fastener 
from the block. 
Some form of restraint will be necessary for the astronaut 
during the performance of maintenance or assembly tasks. This 
is particularly true during extra-vehicular activities. The ap- 
plication of forces generated in the removal or assembly of fas- 
teners will cause the astronaut to move about and away from his 
work position. Requiring him to hold on with one hand while work- 
ing with the other presents an almost impossible task and degrades 
work performance. The restraint system is the final consideration 
in the fastener-tool-man system loop, and the loop can only be as 
reliable as its weakest component. Tests conducted in Martin 
Marietta's 5-Degree-of-Freedom Simulator have demonstrated that 
simple restraint systems consisting of a window washer belt and 
adhesive attachment points having a holding power of 50 lb proved 
adequate for most maintenance tasks. l o  
A review of p resen t -day  f a s t e n e r  technology i n d i c a t e s  problem 
a r e a s  w i t h  r e g a r d  t o  i n - s p a c e  u s e .  The problems f a l l  i n t o  t h r e e  
g e n e r a l  groups : 
1 )  G a l l i n g ,  s e i z i n g ,  c o l d  we ld ing ,  e t c ;  
2 )  Man ipu la t ion  by a  p r e s s u r e - s u i t e d  a s t r o n a u t ,  
such  a s  h a n d l i n g  o f  t h e  f a s t e n e r s  and removal 
and i n s t a l l a t i o n  t o o l s ;  
3 )  Development o f  f a s t e n i n g  sys tems which would 
r e q u i r e  a  minimum u s e  of t o o l s  f o r  i n s t a l l a t i o n  
o r  removal.  
1. G a l l i n g ,  S e i z i n g ,  ~ o l d - W e l d i n g ~ , ~  
G a l l i n g  o r  g e n e r a l  s e i z i n g  o f  t h r e a d e d  i n t e r f a c e s  i s  caused 
by t h e  i n h e r e n t  m e t a l u r g i c a l  c h a r a c t e r i s t i c s  of  t h e  components,  
coup led  w i t h . t h e  vacuum/thermal environment .  T i t an ium usage  is 
on t h e  i n c r e a s e  f o r  t h e  c o n s t r u c t i o n  of s p a c e  v e h i c l e s  because  
o f  i t s  h igh  s t r eng th - to -we igh t  r a t i o .  U n f o r t u n a t e l y ,  u n p r o t e c t e d  
t i t a n i u m  i s  ex t remely  s u s c e p t i b l e  t o  g a l l i n g  o r  cold-welding when 
s u b j e c t e d  t o  even medium l o a d s  o r  e l e v a t e d  t e m p e r a t u r e s .  F a s t e n e r  
m a n u f a c t u r e r s  a r e  c o n t i n u i n g  t o  develop and r e f i n e  s o l i d  f i l m  a n t i -  
g a l l i n g  c o a t i n g s .  To d a t e ,  no d a t a  can b e  found i n  t h e  p u b l i s h e d  
test  r e p o r t s  t o  prove o r  d i s p r o v e  t h e  a b i l i t y  o f  p resen t -day  t i- 
tanium c o a t i n g s  t o  w i t h s t a n d  r e p e a t e d  u s e  under  l o a d  when s u b j e c t e d  
t o  e l e v a t e d  t e m p e r a t u r e s  i n  a  vacuum environment .  
S t a i n l e s s  s t e e l  f a s t e n e r s  a r e  used i n  s p a c e c r a f t  a p p l i c a t i o n s  
where f u e l  c o m p a t i b i l i t y  r e q u i r e m e n t s  r u l e  o u t  s t e e l  o r  t i t a n i u m .  
The g a l l i n g  o r  s e i z i n g  t e n d e n c i e s  of  s t a i n l e s s  s t e e l  i s  abou t  t h e  
same a s  t i t a n i u m .  S i l v e r  p l a t i n g  o f f e r s  g a l l i n g  r e l i e f ,  b u t  w i l l  
n o t  s t a n d  up under r e p e a t e d  u s e .  I n  a d d i t i o n ,  most s t a i n l e s s  s t ee l  
f a s t e n e r s  l a c k  t h e  s t r eng th - to -we igh t  r a t i o  of  e i t h e r  A-286  s t e e l  
o r  t i t a n i u m  f a s t e n e r s .  
F a s t e n e r s  made o f  A-286  s t e e l  o f f e r  economical ,  r e l i a b l e  h i g h  
s t r e n g t h  c h a r a c t e r i s t i c s .  Cadmium p l a t i n g  may b e  a p p l i e d  t o  A - 2 8 6  
f a s t e n e r s ,  t h u s  p r o v i d i n g  c o r r o s i o n  p r o t e c t i o n  and o f f e r i n g  l u b r i -  
c a t i n g  q u a l i t i e s .  Cadmium, however, r a p i d l y  s u b l i m a t e s  when sub- 
j e c t e d  t o  vacuum and h e a t .  For t h i s  r e a s o n ,  cadmium-plated f a s -  
t e n e r s  a r e  n o t  p e r m i t t e d  i n  t h e  c o n s t r u c t i o n  of v e h i c l e s  f o r  manned 
s p a c e  u s e .  Var ious  s o l i d  f i l m  l u b r i c a n t s ,  such  a s  t h e  molydisul -  
p h i d e s ,  have  been a p p l i e d  t o  A - 2 8 6  s t e e l ,  
As p a r t  of Phase 6 1  and IV of t h i s  s t u d y ,  f a g t e n e r a  of v a r i -  
ous m a t e r i a l s  ( i e e e :  A-286 s t e e l ,  t i t a n i u m ,  and s t a i n l e s s  s t e e l )  
were o b t a i n e d  and t e s t e d  i n  bo th  s t a n d a r d  atmosphere and h igh  
vacuum c y c l i c  t empera tu re  environments .  The t i t a n i u m  f a s t e n e r s  
were p rocured  b a r e  and i n  a  v a r i e t y  of a v a i l a b l e  c o a t i n g  conf ig -  
u r a t i o n s .  A-286 s t e e l  and s t a i n l e s s  s t e e l  f a s t e n e r s  were t e s t e d  
i n  combinat ion w i t h  s i l v e r  and molyd isu lph ide  l u b r i c a n t s  t o  de- 
termine t h e i r  e f f e c t i v e n e s s  f o r  space  use .  The f a s t e n e r s  were 
r e p e a t e d l y  t o r q u e  t e s t e d  i n  a  normal atmosphere i n  o r d e r  t o  ob- 
t a i n  b a s e l i n e  d a t a .  Other f a s t e n e r s  of t h e  same m a t e r i a l s  were 
p laced  i n  a  vacuum chamber and t o r q u e  t e s t e d  w h i l e  s u b j e c t e d  t o  
a  combination of c y c l i c  t empera tu res  and vacuums. 
2 .  Fastener Manipulation 
The g e n e r a l  problems of f a s t e n e r  manipu la t ion  encountered by 
p r e s s u r e - s u i t e d  a s t r o n a u t s  i n  reduced g r a v i t y  environments  have 
been d e s c r i b e d  i n  numerous r e p o r t s  pub l i shed  by v a r i o u s  govern- 
ment a g e n c i e s  and l e a d i n g  ae rospace  manufac tu re r s .  9 , ' , ' 
These r e p o r t s  i n d i c a t e  a  g e n e r a l  agreement t h a t ,  i n  t h e  a r e a  of 
f a s t e n e r  manipu la t ion ,  p a r t i c u l a r  d i f f i c u l t y  i s  encounte red  w h i l e  
i n t e r f a c i n g  t h e  t o o l  w i t h  t h e  f a s t e n e r  head and a t t e m p t i n g  t o  
main ta in  t h i s  i n t e r f a c e  d u r i n g  t h e  t i g h t e n i n g  o r  l o o s e n i n g  oper- 
a t i o n .  Handling o f  t h e  a c t u a l  f a s t e n e r s  d u r i n g  i n s e r t i o n  and re-  
moval from t h e  th readed  h o l e ,  and stowage and r e t r i e v a l ,  prove 
t o  be  d i f f i c u l t  t a s k s .  
A s  d e s c r i b e d  e a r l i e r ,  some f a s t e n e r  heads p r o v i d e  a  b e t t e r  
t o o l  purchase  t h a n  o t h e r s .  Head s t y l e s  such a s  t h e  twelve p o i n t ,  
i n t e r n a l  and e x t e r n a l  hexagonal head,  Hi-Torque r e c e s s ,  and s p l i n e  
head were p rocured  f o r  manipu la t ion  t e s t s  t o  b e  performed i n  re -  
duced g r a v i t y  s i m u l a t o r s .  However, t h i s  phase of t h e  c o n t r a c t  was 
c a n c e l l e d  a t  t h e  government 's  convenience.  
I I I .. HUMAN FACTORS M A N I P U L A T I V E  T E S T  PLANS 
The actual test was canceled at the Government's convenience, 
but discussion and test plans are presented to indicate the work 
that was done and to provide information that might be useful. 
The test procedures were submitted to S&E-ME-MMP earlier and 
are included here to reflect the recommendations and comments 
received from S&E-ME-MMP-41-68 dated 27 September 1968. 
It will be necessary to modify the scope of the program some- 
what as it progresses, as a result of such things as expanded 
scope, operational problems during testing, and the limited re- 
sources available for the study. 
A .  INTRODUCTION 
Fastening tasks are extremely complex manipulative actions. 
The skill of the operator, the degree to which the task must be 
done blind, the encumberances to the operator, location, and fas- 
tening device characteristics are all variables which may be ex- 
pected to interact. As a result, the nature of the task and the 
skill of the operator must be delineated before the adequacy of 
a fastening device can be determined. The current tests are de- 
signed to determine the suitability of off-the-shelf fasteners for 
EVA operations. As such, the test will simulate some of the rele- 
vant EVA conditions. One of the EVA conditions, the use of a 
state-of-the-art pressure suit, would be expected to have further 
restrictions on the results of these tests. Since a state-of-the- 
art suit is not available for this type of testing, a Mark IV suit 
will be utilized as the pressure suit in this series of tests. 
Blind operations and time-critical operations can be thoroughly 
tested in the planned series of tests. The goal of the present 
series of tests is to determine which, if any, currently available 
fasteners are candidates for EVA operations. 
The astronaut's ability to apply forces to fasteners in a zero 
gravity environment is influenced by the following variables: 
1) Type of space suit worn and internal suit pressuriza- 
tion ; 
2) Location of the astronaut relative to the working fas- 
t ener ; 
3) Type of r e s t r a i n t  sys tem;  
4 )  Force  p r o f i l e  r e q u i r e d ;  
5)  Tool ing provided (manual o r  powered); 
6 )  The t o o l  f a s t e n e r  i n t e r f a c e .  
The o b j e c t i v e  i s  t o  m a i n t a i n  v a r i a b l e s  l ) ,  2), and 3) a s  c o n s t a n t  
d u r i n g  t h i s  s e r i e s  of t e s t s .  
The d a t a  o b t a i n e d  dur ing  e x e c u t i o n  of NASA c o n t r a c t s  NAS8- 
18117 by General  E l e c t r i c  and NAS1-5875 by AiResearch a r e  u t i -  
l i z e d  a s  s o u r c e s  of i n f o r m a t i o n  i n  de te rmin ing  t h e  t e t h e r  conf ig -  
u r a t i o n  and t h e  p r e s s u r e - s u i t e d  a s t r o n a u t ' s  a b i l i t y  t o  produce 
f o r c e s .  
F i g u r e  111-1 i n d i c a t e s  t h e  a b i l i t y  of a  p r e s s u r e - s u i t e d  a s t r o -  
n a u t  t o  m a i n t a i n  a  s u s t a i n e d  f o r c e  u s i n g  v a r i o u s  r e s t r a i n t  sys tems 
and r e l a t i v e  p o s i t i o n i n g  from t h e  work s i t e .  
It i s  d e s i r a b l e  t o  have b o t h  hands f r e e  s o  a  r e s t r a i n t  u s i n g  
t h e  f e e t  and w a i s t  has  been s e l e c t e d .  I n  F igure  111-1, t h e  mean 
f o r c e  f o r  a  h o r i z o n t a l  hand le  a p p l i e d  i n  an  upward d i r e c t i o n  19 
i n .  from t h e  pane l  i s  approximately  17 l b .  A downward f o r c e  under 
t h e  same c o n d i t i o n s  i s  approximately  t h e  same. 
B . F A S T E N E R  S E L E C T I O N  ( I 4 A N I P U L A T I O N  T E S T S )  
F a s t e n e r s  of f i f t e e n  head c o n f i g u r a t i o n s  i n  t h r e e  inc rements  
of l e n g t h ,  and t h r e e  t h r e a d  d i a n e t e r s  have been s e l e c t e d  f o r  in -  
c l u s i o n  i n  manipu la t ion  t e s t s .  These head s t y l e s  i n c l u d e  t h o s e  
which r e q u i r e  on ly  t o r s i o n a l  f o r c e s  f o r  removal o r  i n s t a l l a t i o n ;  
t h e  Hi-Torque f a s t e n e r  i s  an  example of a  f a s t e n e r  r e q u i r i n g  no 
a x i a l  f o r c e  f o r  i n s t a l l a t i o n .  F a s t e n e r s  r e q u i r i n g  t h e  a d d i t i o n  
of a  minimal a x i a l  f o r c e  i n  t o r q u i n g  t h e  f a s t e n e r  i n c l u d e  hexagon 
and twelve-point  head s t y l e s .  Head s t y l e s  such a s  P h i l l i p s ,  r e -  
q u i r i n g  b o t h  t o r q u e  and a x i a l  f o r c e s  t o  i n s t a l l ,  have been inc luded  
i n  t h e  manipu la t ion  t e s t s .  
F i g u r e  1 1 1 - 2  i l l u s t r a t e s  head c o n f i g u r a t i o n s  of t h o s e  f a s -  
t e n e r s  t o  be used i n  t h e  manipu la t ion  t e s t s .  Each t e s t  i t e m  w i l l  
be o b t a i n e d  i n  No. 10 ,  114 i n .  and 318 i n .  N.F.  t h r e a d  s i z e s .  
The f a s t e n e r s  w i l l  conform t o  a p p r o p r i a t e  NAS, o r  MS s p e c i f i c a -  
t i o n s ,  and i n  t h r e e  inc rements  of f a s t e n e r  l e n g t h  ( t h e  minimum 
l e n g t h  r e l a t i n g  t o  t h e  d i a m e t e r ) .  
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Figure I 11-1 (Concluded) 
Figure 111-2 Fastener Head Configurations f o r  
Manipulation Tests 
Assuming that the astronaut has to torque a 318-in, fastener 
to 250 in.-lb, he will require a wrench approximately 15 in. long 
if he is to achieve this torque, (17 lb) x (15 in.) = 255 in.-lb. 
It is noted that these values are valid using an Apollo suit and 
assuming that there is not degradation in the coefficient of fric- 
tion in the fasteners. If a power tool is provided to handle larg- 
er forces, the reaction has to be handled via the astronaut through 
the restraint system. A "zero reaction tool" will further reduce 
the restraint required. 
Reduced mobility of the Mark-IV pressure suit, in relation to 
the Apollo garment, will be compensated for by utilizing the suit 
at lower pressure and presenting the task at a desirable position. 
Figure 111-3 shows the restraint system, the manipulation pan- 
el, and the subject's relative position in relation to the work 
site, It is noted that the relative work position, and astronaut 
restraints will be maintained in all manipulative tests. The ma- 
nipulation panel will index each group of three fasteners with 
common test head configurations to the work position (Fig. 111-3). 
This will allow comparison of fastener operation without having to 
factor out the variable of fastener location. 
C .  TEST METHOD 
Divers experienced with pressure suits and human factors re- 
porting techniques wi13 be used as test subjects in baseline tests, 
frictionless simulator, and neutral buoyancy simulations as indi- 
cated in Figure 111-4. The same subjects will be used in all tests 
to provide a correlation between the simulations, and to benefit 
the program with the increased experience and appreciation of the 
problem being investigated. The test subjects will alternate in 
the tasks of subject, diver subject, safety diver, and test con- 
ductor. The tests will be conducted in stages with detailed test 
plans revised on the basis of the results of prior tests. 
Manipulative characteristics of fasteners in N.F. thread sizes 
No. 10, 114 in., and 318 in. in three increments of length will be 
determined. The fasteners provided will determine the astronaut's 
ability to manipulate the fasteners during installation, removal, 
and stowage. These tests will also determine the astronaut's abil- 
ity to apply proper torques to the fasteners in a 0-g environment. 
F i g u r e  111-3 M a n i p u l a t i o n  l e s t  Panel 
A .  Unsuited subject with EVA 
gloves to  remove, replace 
and torque fasteners in 
manipulation panel. 
1. Task performed wi t h  
manual tools 
2.  Tasks performed wi t h  
Martin Zero Reaction 
3. Task performed with 
impact wrench 
FRICTIONLESS SIMULATOR TEST 
A .  Suited subject t o  remove 
replace, and torque fas- 
teners in manipulation 
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manual tools 
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2.  Task performed with 




3. Task performed with 
impact tool 
I Visual I I Blind I 
NEUTRAL BUOYAIKY TEST 
A .  Suited subject to  remove, 
replace, and torque fas- 
teners in manipulation 
panel 
1. Task performed with 
manual tools 
Visual 
Bl i nd 
2 .  Manipulation only per 




Figure 111-4 Fastener Manipulation Test Sequence 
The f a s t e n e r s  w i l l  b e  i n s e r t e d  i n t o  t h e  f a s t e n e r  m a n i p u l a t i o n  
p a n e l  and t o r q u e d  t o  t h e  f o l l o w i n g  v a l u e s ;  
FASTENER TORQUE VALUES 
B o l t  S i z e  
-- 
10-32 30 
1 /4-28  9 2 
3/8-24 2 50 
D. TEST PROCEDURE 
The s u i t e d  s u b j e c t  w i l l  b e  s u p p l i e d  w i t h  t h e  a p p r o p r i a t e  t o o l s  
and r e s t r a i n t s .  He w i l l  r e l e a s e ,  remove, r e p l a c e  and r e t o r q u e  
t h r e e  f a s t e n e r s  o f  t h e  same head  c o n f i g u r a t i o n .  The p a n e l  w i l l  
t h e n  i n d e x  t h e  n e x t  g roup  of  t h r e e  f a s t e n e r s  t o  t h e  work s i t e ,  and 
t h e  t a s k  w i l l  b e  r e p e a t e d .  When r e q u i r e d ,  t h e  p r o c e d u r e s  a r e  t o  
b e  r e p e a t e d  " b l i n d "  w i t h  a  v i s u a l  o b s t r u c t i o n  i n  p l a c e .  T h i s  i s  
t o  b e  r e p e a t e d  t h r o u g h  a l l  f i f t e e n  head  g r o u p s .  Time ( s e c )  t o  re- 
l e a s e  and reseat e a c h  f a s t e n e r  i s  t o  b e  r e c o r d e d ,  a l o n g  w i t h  t h e  
a s t r o n a u t ' s  comments. E r r o r s  s u c h  a s  d r o p p i n g  t h e  f a s t e n e r  o r  m i s -  
a l i g n i n g  t h e  f a s t e n e r  w i l l  b e  t a b u l a t e d  a s  i n d i c a t e d  i n  t h e  t e s t  
form ( F i g .  111-5) .  
E .  B A S E L I N E  TESTS 
The BLT t e s t s  w i l l  b e  r u n  a t  1-g t e s t  c o n d i t j o n s  i n  t h e  l abo -  
r a t o r y .  T h i s  tes t  s e r i e s  w i l l  r e q u i r e  e a c h  s u b j e c t  a t  ambient  o r  
1-g t e s t  c o n d i t i o n s  t o  i n t e r c h a n g e  and t o r q u e  c o r r e s p o n d i n g  f a s -  
t e n e r s  c o n t a i n e d  i n  t h e  f a s t e n e r  m a n i p u l a t i o n  p a n e l  ( s e e  F i g .  111-4  
and 111-5) .  T h i s  t e s t  w i l l  e v a l u a t e  t h e  a b i l i t y  o f  t h e  tes t  sub- 
j e c t  t o  o p e r a t e  f a s t e n e r s  o f  d i f f e r e n t  s i z e s  and l e n g t h s  w h i l e  
equ ipped  w i t h  s i m u l a t e d  EVA t y p e  g l o v e s  and i n t e r f a c i n g  t o o l s .  
Emphasis i s  t o  b e  on t h e  a b i l i t y  of  t h e  s u b j e c t  t o  remove,  t r a n s -  
p o r t ,  s t o r e ,  r e t r i e v e ,  r e - engage  and t o r q u e  t h e  f a s t e n e r  w i t h  h i s  
g loved  hand .  The s u b j e c t  w i l l  remove and i n t e r c h a n g e  and t o r q u e  
t h e  t h r e e  f a s t e n e r s  i n  e a c h  head  c o n f i g u r a t i o n .  He w i l l  pe r fo rm 
t h e  t a s k s  b o t h  v i s u a l l y  and b l i n d  u n t i l  h e  i s  f a m i l i a r  w i t h  t h e  
t a s k .  The same s e r i e s  o f  t a s k s  w i l l  t h e n  b e  pe r fo rmed  by i n d e x i n g  
t h e  n e x t  g roup  o f  b o l t s  t o  t h e  work s i t e  and r e p e a t i n g  t h e  s e q u e n c e .  
FASTENER MANIPULATION TEST 
Visual /q 
Blind fl 
Time t o  Release and Retorque ( sec )  
Subject Date Time 
Test [] Baseline Visual 0 Six DOF with Impact Wrench !-J Neutral Buoyancy 
0 Baseline Blind Six DOF with Space Tool Q iiuutral Buoyancy 
a E V A  Gloves Only 0 Six DOF with Manual Torque Wrench 
Mark IV Pressure Su i t  0 Six DOF w i t h  Other Tool Note 
S u i t p r e s s u r e  psi 
Figure I I 1-5  Test Performat?ce For111 
The s u b j e c t ' s  r e l a t i v e  p o s i t i o n  i n  r e l a t i o n  t o  t h e  m a n i p u l a t i o n  
p a n e l  w i l l  b e  n o t e d  and m a i n t a i n e d  i n  t h e  e n s u i n g  tests.  Nota- 
t i o n s  of f a s t e n e r  improvement and o t h e r  f a s t e n e r  i n c l u s i o n s  o r  
d e l e t i o n s  w i l l  b e  n o t e d  f o r  i n c o r p o r a t i o n  i n t o  t h e  f r i c t i o n l e s s  
s i m u l a t i o n  t e s t s .  
F r i c t i o n l e s s  S i m u l a t o r  T e s t s  w i l l  b e  r u n  i n  M a r t i n  M a r i e t t a ' s  
s i m u l a t o r .  The p r e s s u r e - s u i t e d  o p e r a t o r  w i l l  p o s i t i o n  and t e t h e r  
h i m s e l f  i n  t h e  same r e l a t i v e  p o s i t i o n  t o  t h e  m a n i p u l a t i o n  p a n e l  a s  
i n  t h e  b a s e l i n e  t e s t s .  He w i l l  t h e n  pe r fo rm t h o s e  t a s k s  i n d i c a t e d  
i n  t h e  t e s t  forms u s i n g  t h e  a p p r o p r i a t e  t o o l s .  I n  t h i s  series o f  
tests  t h e  M a r t i n  z e r o - r e a c t i o n  s p a c e  t o o l  and  a n  impac t  wrench 
w i l l  a l s o  b e  u s e d  t o  t o r q u e  and remove t h e  f a s t e n e r s .  The t i m e s  
r e q u i r e d  w i t h  t h e s e  t o o l s  w i l l  b e  r e c o r d e d  f o r  compar ison  w i t h  
t h o s e  o b t a i n e d  w i t h  manua l ly  o p e r a t e d  t o o l s .  Again ,  n o t a t i o n s  
a b o u t  f a s t e n e r  improvement,  o r  t h e i r  e l i m i n a t i q n  f rom f u r t h e r  test- 
i n g ,  w i l l  b e  made. 
N e u t r a l  Buoyancy T e s t s  w i l l  u t i l i z e  a  l o c a l  swimming p o o l  t o  
conduc t  a series of  t e s t s  examining  a s p e c t s  j udged  t o  b e  most  s i g -  
n i f i c a n t  a s  a r e s u l t  of  t h e  e v a l u a t i o n s  accompl i shed  i n  t h e  p r i o r  
tes t  s e r i e s .  Because  t h e  t o t a l  s c o p e  o f  t h e  program i s  l i m i t e d ,  
and t h e  tes t  manpower r e q u i r e m e n t s  a r e  s i g n i f i c a n t l y  h i g h e r  t h a n  
f o r  t h e  o t h e r  methods ,  i t  w i l l  b e  n e c e s s a r y  t o  l i m i t  t h i s  test  
s e r i e s .  It i s  p lanned  t o  c o n d u c t  t h e  unde rwa te r  tests  i n  s t a g e s ,  
w i t h  t h e  d e t a i l e d  test  p l a n s  r e v i s e d  on t h e  b a s i s  o f  r e s u l t s  f rom 
t h e  e a r l i e r  s t a g e s  t o  a l l o w  maximum u s e  o f  a c t u a l  unde rwa te r  t e s t  
t i m e  . 
The s u b j e c t  w i l l  b e  equ ipped  w i t h  a Mark-IV p r e s s u r e  s u i t ,  a 
t e t h e r i n g  h a r n e s s ,  hand t o o l s ,  and t h e  f a s t e n e r  m a n i p u l a t i o n  t e s t  
p a n e l .  The o t h e r  two s u b j e c t s  w i l l  b e  equ ipped  w i t h  s c u b a  g e a r  
and a c t  as s a f e t y  d i v e r s ,  o b s e r v e r s ,  t e s t  c o n d u c t o r s ,  and a s s i s t -  
a n t s  t o  t h e  s u b j e c t .  A f t e r  t h e  s u b j e c t  comple t e s  t h e  r e q u i r e d  
t a s k ,  h i s  comments r e l a t i n g  t o  t h e  t a s k  and f a s t e n e r  improvement 
w i l l  b e  t a p e  r e c o r d e d .  The t a s k  w i l l  t h e n  b e  e x e c u t e d  by t h e  n e x t  
s u b j e c t  . 
To examine t h e  m a n i p u l a t i v e  c h a r a c t e r i s t i c s  i n  0-g, n e u t r a l  
buoyancy commercia l  n y l o n  f a s t e n e r s  w i l l  b e  o b t a i n e d  i n  t h e  long-  
e s t  l e n g t h  a v a i l a b l e  ( a p p r o x i m a t e l y  1 . 5  i n .  l o n g ) .  I f  t h e  s u b j e c t  
i s  a b l e  t o  a d e q u a t e l y  m a n i p u l a t e  a v a i l a b l e  f a s t e n e r s ,  l o n g e r  f a s -  
t e n e r s  w i l l  b e  i g n o r e d  i n  t h i s  t e s t .  
The d a t a  and comments of  t h e  test r e s u l t s  a r e  t o  b e  examined 
t o  i d e n t i f y  p rob lems ,  and p r o p o s e  and e v a l u a t e  p o s s i b l e  s o l u t i o n s .  
T h i s  e f f o r t  i s  t o  b e  c o o r d i n a t e d  w i t h  t h e  MSFC NASA T e c h n i c a l  Rep- 
r e s e n t a t i v e  t o  p r o p o s e  p o s s i b l e  s o l u t i o n s  u s i n g  e i t h e r  new t e c h -  
n i q u e s ,  h a r d w a r e ,  o r  b o t h .  
The tests  a r e  t o  p r o v i d e  a means t o  n o t e  f a s t e n e r  pe r fo rmance  
and t o  p r o v i d e  a r a n k i n g  of  p r e f e r r e d  f a s t e n e r  t y p e s  and s t y l e s .  
I V. D E F I N I T I O N  AND EVALUATION OF ENVIRONMENTAL EFFECTS 
A. INTRODUCTION 
1. Space S i m u l a t i o n  
The Space S imula t ion  f a c i l i t y  u t i l i z e d  i n  Phase I V  was capab le  
of producing a  reasonab ly  c l e a n  vacuum of t h e  o r d e r  of t o r r .  
The chamber was equipped w i t h  q u a r t z  lamps t o  s i m u l a t e  t h e  thermal-  
vacuum e f f e c t s  of s p a c e ,  and t o  the rmal ly  c l e a n  ("Bake-Out") t h e  
t e s t  i t e m s  and chamber i n t e r i o r .  A c ryogen ic  c o l d  p l a t e  was pro- 
v ided  t o  s i m u l a t e  t o  some e x t e n t  t h e  i n f i n i t e  h e a t  s i n k  of o u t e r  
s p a c e .  The a l t e r n a t e  use  o f  t h e  q u a r t z  lamps and t h e  h e a t  s i n k  
was t o  p rov ide  t empera tu re  c y c l i n g  t o  t h e  t e s t  samples .  
Chamber pumping was accomplished w i t h  a  g e t t e r - i o n  pump. T h i s  
arrangement e l i m i n a t e d  t h e  p o s s i b i l i t y  of back s t r e a m i n g  contamina- 
t i o n  i n t o  t h e  chamber, which could  have a f f e c t e d  t h e  r e s u l t s  o f  
t h e  adhes ion  and f r i c t i o n  c h a r a c t e r i s t i c s  of t h e  t e s t  i t e m s .  Eack 
s t reamed contaminates  a r e  u s u a l l y  f r a c t i o n a t e d  hydrocarbons  which 
would have a  l u b r i c a t i n g  e f f e c t  i f  d e p o s i t e d  upon t h e  c l e a n  meta l  
s u r f a c e s  of t h e  t e s t  i t e m s .  
Vacuums achieved i n  t h e  t o r r  range i n h i b i t e d  t h e  back-re- 
f l e c t i o n  of molecules  t o  t h e  t e s t  samples .  This  phenomenon i s  t h e  
r e s u l t  of v a p o r i z i n g  atoms b e i n g  r e f l e c t e d  back t o  t h e  v a p o r i z i n g  
s u r f a c e  by c o l l i s i o n s  w j t h  o t h e r  atoms o r  molecules  i n  h i g h  ambient 
p r e s s u r e s .  Vapor p r e s s u r e s  i n  t h e  o r d e r  of M G ,  i n  combina- 
t i o n  w i t h  c r y o g e n i c a l l y  cooled condensing s u r f a c e s ,  do n o t  gener- 
a l l y  s u f f e r  inaccuracy  from t h e  b a c k - r e f l e c t i o n  phenomenon; t h i s  
was an i m p o r t a n t  c o n s i d e r a t i o n  i n  t h i s  s t u d y  of t h e  e f f e c t s  o f  
space  environment on f a s t e n e r  performance.  
L u b r i c a t i o n  i s  s t r o n g l y  i n f l u e n c e d  by t h e  p resence  o r  absence 
of ox ide  f i l m s  on t h e  t e s t  sample s u r f a c e s .  The p resence  of con- 
t a m i n a t i n g  f i l m s  between t h e  f a y i n g  s u r f a c e s  of t h e  n u t l b o l t  com- 
b i n a t i o n s  c o n t r i b u t e  t o  t h e  l u b r i c a t i o n  of t h e  u n i t .  The low p r e s -  
s u r e  of s p a c e  causes  r a p i d  e v a p o r a t i o n  of o r d i n a r y  l u b r i c a n t s  i n  
s p a c e .  T h i s ,  coupled w i t h  exposure  t o  r a d i a t i o n  f l u x  which i n f l u -  
ences  t h e  s t a b i l i t y  of t h e  l u b r i c a n t s ,  can a f f e c t  t h e  t o r q u e  
t e n s i o n  r e l a t i o n s h i p s  of  t h e  t e s t  s a m p l e s .  The e v a p o r a t i o n  r a t e s  
i n  a  vacuum are i n d i c a t e d  by t h e  Lmgrnuir Equation for the rate 
of evaporation: 
where 
G = R a t e  o f  v a p o r i z a t i o n  [ (g )  / (SQCM) ( s e c )  ] , 
P = Vapor p r e s s u r e  (MMHG), 
M = M o l e c u l a r  w e i g h t ,  
T  = Tempera tu re  ( O K ) .  
The Vapor -P res su re  e q u a t i o n  can  b e  w r i t t e n  as f o l l o w s :  
where 
C = C o n s t a n t ,  
L = H e a t  o f  v a p o r i z a t i o n ,  
R = Gas c o n s t a n t .  
Note :  T h i s  e q u a t i o n  i s  b a s e d  on t h e  a s sumpt ion  t h a t  a l l  o f  
t h e  v a p o r i z i n g  atoms a r e  l o s t  and none  are b a c k - r e f l e c t e d  t o  t h e  
v a p o r i z i n g  s u r f a c e .  
The consequences  o f  t h e  l a r g e  mean-f ree-pa th  i n  s p a c e ,  and  a 
chamber c a p a b l e  o f  loe9 t o r r  r ange  f o r  s p a c e  s i m u l a t i o n ,  w i l l  a l -  
low t h e  i n v e s t i g a t i o n  of  t h e  e f f e c t s  of  r a p i d  e v a p o r a t i o n  and sub-  
l i m a t i o n  on f a s t e n e r  pe r fo rmance .  
2 .  F r i c t i o n  and Adhesion 
The work o f  e a r l y  i n v e s t i g a t o r s  a s c r i b e d  t h e  r u b b i n g  p r o c e s s  
and produced f r i c t i o n  a s  r e s u l t i n g  from t h e  i n t e r l o c k i n g  of  s u r f a c e  
i r r e g u l a r i t i e s  and t h e  ene rgy  r e q u i r e d  i n  r a i s i n g  one set  o f  s u r -  
f a c e  r o u g h n e s s e s  o v e r  t h e  o t h e r .  G e n e r a l l y ,  t h e  t h e o r i e s  o f  f r i c -  
t i o n  and wear  h a v e  d e a l t  w i t h  d r y  o r  u n l u b r i c a t e d  s y s t e m s .  The 
problem was t r e a t e d  s t r i c t l y  from a m e c h a n i c a l  v i ew,  n e g l e c t i n g  
t h e  a f f e c t s  o f  s u r f a c e  f i l m s  and t h e  c h e m i s t r y  o f  t h e  f a y i n g  s u r -  
f a c e s .  A l s o ,  t h e  f a s t e n e r  environmenr: can  have  an enoi-moiis e f f e c t  
on f r i c t i o n  and w e a r .  Under t o r q u i n g ,  the  i n t e r f a c e s  may e m i t  a 
g a s  by f r i c t i o n a l  h e a t ,  o r  a s o l i d  c o u l d  be  formed i n  t h e  c o n t a c t  
zone from a l i q u i d  o r  a  g a s .  
Adhesion theory may be  summarized a s  t h e  r e s u l t  of t h e  fol low- 
i n g  f a c t o r s  a c t i n g  on t h e  i n t e r f a c e  of t h e  j u n c t i o n  s u r f a c e s :  
1 )  The a r e a  of a c t u a l  c o n t a c t  between t h e  f a y i n g  s u r f a c e s  
can be q u i t e  s m a l l  i n  comparison t o  apparen t  c o n t a c t  
a r e a ;  
2 )  The l o a d i n g  of t h e  f a s t e n e r s  t o  70 t o  80% of t h e i r  
y i e l d  f o r  p r e l o a d i n g  and f a s t e n e r  e f f i c i e n c y  can en- 
hance t h e  tendency t o  c o l d  weld.  
Evans 15, i n  h i s  s u r f a c e  welding i n  vacuum s t u d y ,  i n d i c a t e s  
t h a t  a t  t empera tu res  normal ly  found i n  s p a c e c r a f t  components 
(below 150°C),  and a t  s t r e s s e s  50% of t h e  y i e l d  p o i n t ,  t h e r e  i s  
l i t t l e  d i f f e r e n c e  i n  t h e  metal-to-metal  tendency between l i k e  o r  
u n l i k e  p a i r s .  I n  t h e  work of Winslow and McIntyre 16,  on ly  when 
r o t a t i o n  under l o a d  between t h e  specimens was i n t r o d u c e d  were 
c o n s i s t e n t  i n d i c a t i o n s  of adhes ion  o b t a i n e d .  
B .  TESTING AND ANALYSIS 
1 . Ambient ToraueITensi on Tests and Results 
The fo l lowing  t o r q u e  v s .  induced load  t e s t s  were r u n  u s i n g  
two t e s t  specimen h o l d e r s ,  one of s t a i n l e s s  s t e e l  and one of ti- 
tanium. A GSE I n c .  f a s t e n e r - f o r c e - t r a n s d u c e r s  model (FT-250) was 
used t o  measure t h e  clamping f o r c e  developed by t h e  b o l t .  Speci-  
men t e s t  c y l i n d e r s  a r e  0 .750 i n .  i n  d iamete r  and 1.500 i n .  long ,  
and t h e i r  i n t e r n a l  d iamete r  i s  0.255 i n .  The s q u a r e n e s s  o f  t h e  
i n t e r n a l  b o r e  t o  t h e  b e a r i n g  s u r f a c e s  was - + 10 minu tes ,  and t h e  
s u r f a c e s  were machined t o  a  32-rms f i n i s h .  
F a s t e n e r s  were i n s t a l l e d  a s  shown i n  F igure  I V - 1 ,  and t h e  b o l t  
was r e t a i n e d  a g a i n s t  r o t a t i o n  by t h e  b o l t  head.  Tens ion ing  of 
t h e  t e s t  samples was i n  a l l  cases  accomplished by a p p l y i n g  t o r q u e  
t o  t h e  l u b r i c a t e d  n u t .  A f t e r  t h e  t e s t  i t ems  were removed, a l l  
g r a n u l a t e d  l u b r i c a n t  was removed and t h e  b e a r i n g  s u r f a c e  under 
t h e  n u t  was c leaned  t o  remove any r e s i d u a l  l u b r i c a n t  p r i o r  t o  
i n s t a l l a t i o n  of t h e  n e x t  t e s t  i t em.  
Torque 
ardened 
appl ied t o  n u t  - No Lubricant or  washer 
Force Transducer 
Steel  Washer 
e t a i  ned Against Rotati 
Figure IV-1 Test Cylinder 
E longa t ion  of t h e  b o l t s  was measured and recorded  a s  a  func- 
t i o n  of t h e  induced l o a d  i n d i c a t e d  by the  f o r c e  t r a n s d u c e r .  T h i s  
was done s i n c e  c a l c u l a t i o n  of b o l t  e l o n g a t i o n  was n o t  s u f f i c i e n t l y  
a c c u r a t e  enough due t o  v a r i a b l e s  of t h r e a d l o c k i n g ,  neck ing  of 
b o l t  c r o s s  s e c t i o n ,  e t c .  The b o l t  e l o n g a t i o n  c a l i b r a t i o n  curve 
( F i g u r e  IV-2) was developed t o  p rov ide  a means of de te rmin ing  t h e  
induced load  of t e s t  samples i n  vacuum chamber runs  by measuring 
b o l t  e l o n g a t i o n .  Measurements w i t h  a  micrometer a c c u r a t e  t o  
0 .0001 i n .  were recorded  i n  an environment hav ing  c o n s t a n t  humidi ty  
and t empera tu re .  
A l l  b o l t s  were  c leaned  w i t h  ace tone  and r i n s e d  w i t h  a l c o h o l  
p r i o r  t o  i n s t a l l a t i o n  of t h e  n u t s .  Th i s  was done t o  d u p l i c a t e  
c l e a n i n g  p rocedures  of those  i t ems  i n s t a l l e d  i n  t h e  vacuum chamber, 
The t e s t  i t e m s  were  torqued w i t h  a  c a l i b r a t e d  to rque  wrench i n  
i n  inc rements  of 25 i n . - l b ,  from 50 t o  175 i n . - l b .  Except ions  t o  
t h i s  were t h o s e  f a s t e n e r s  which e x h i b i t e d  y i e l d i n g  i n  upper t o r q u e  
ranges .  When t h e  t e s t  i t e m  e x h i b i t e d  y i e l d i n g ,  h i g h e r  to rques  
were n o t  a p p l i e d .  Th is  was done t o  p r e v e n t  any e x c e s s i v e  d i s t o r -  
t i o n  t o  t h e  t e s t  i t e m s  which might a f f e c t  t h e  r e s u l t s  of r e p e a t  
a p p l i c a t i o n s  needed t o  determine t h e  e f f e c t s  of wear on t h e  t e s t  
i t e m .  
R e s u l t s  o f  t o r q u e  v s .  induced load  a r e  con ta ined  i n  Tables  
I V - 1  t o  IV-6, and F i g u r e s  IV-3 t o  IV-8. A s  a n t i c i p a t e d ,  non-lub- 
r i c a t e d  combinat ions  of A-286 n u t s  and b o l t s  g a l l e d  and s i e z e d  
b e f o r e  t h e  n u t s  chould be chased down f a r  enough t o  c r e a t e  any 
t e n s i o n  i n  t h e  b o l t  ( s e e  Table  IV-1). Th i s  combinat ion was n o t  
g iven  s e r i o u s  c o n s i d e r a t i o n  f o r  f a s t e n e r  a p p l i c a t i o n .  
B o l t  E longa t ion  (0,001 i n . )  
F igure  IV-2 C a l i b r a t i o n  Curves f o r  6Ag4V 
Ti tan ium and  A-286 B o l t s  
Torque ( i n . - l b )  
1 )  A-286 S i  x-Wi ng B o l t  Assembly PIN SW1555-4-24 (Moly-Di  s u l  f i  d e - ~ l  a t e d  Nu ts )  
2) A-286 S i  x-Wi ng B o l t  Assembly PIN SW1555-4-24 ( S i  l v e r - P I  a t e d  Nu ts )  
3) T i t a n i u m  6Aa-4V Six-Wing B o l t  Assembly PIN SW2565-4-24 (306 Type 1 1 - P l a t e d  N u t s )  
4) T i  t a n i  um 6Aa-4V S i  x-Wi ng B o l t  Assembly PIN SW2565-4-24 (VSM 1171-Pl a t e d  N u t s )  
5 )  T i t a n i u m  6Ar-4V Six-Wing B o l t  Assembly P/N SW2565-4-24 ( P a s s i v a t e d  Nu ts )  
A Z Z  Bolts 0.250 Nom Dia x 1.5 in. Grip x 28 TPI 
F i q u r e  I V - 3  Torque v s  induced Load f o r  T e s t  I t ems  1-24  (Ambient  C o n d i t i o n s )  
Torque ( i n . - l b )  
F igure  IV-4 Torque vs Induced Load (Ambient C o n d i t i o n s )  
A-286 Six-Wing B o l t  Assembly PIN SW1555-4-24 
(Moly-Di s u l  f i d e - P l  a ted  Nuts )  
Torque ( i n . - l b )  
Fi gure  IV-5 Torque vs Induced Load (Ambient ~ o n d i  t i  ons )  
Ti t a n i  um 6Ar-4V Si x-Wi ng Bol t  Assembly 
P/N SW2565-4-24 (306 Type 11-Pl a t e d  Nuts) 
0 50 100 150 200 
Torque ( i n .  -1 b)  
F igure IV-6 Torque vs Induced Load (Ambient Condi t ions)  
A-286 Six-Wing B o l t  Assembly P/N SW1555-4-24 
( S i l v e r  P la t ed  Nuts - AMS 5737) 
Torque ( i n .  -1 b )  
F i  gure  1V-7 Torque vs Induced Load (Ambient  Condi ti ons ) 
T i  t a n i  um 6Aa-4V S i  x-Wi ng Bol t Assembly 
PIN SW2565-4-24 (Pass i  v a t e d  ~ u t s )  
Torque ( i n . - 1 5 )  
F i  gure  I V - 8  Torque vs Induced Load (Ambient Condi t i  ons) 
T i  t a n i  um 6Aa-4V S i  x-Wi ng Bo l  t Assembly 
P/N SW2565-4-24 (VSM 1171-Pla ted N u t s )  
Table  IU-1 Torque v s  Induced Load (Ambient C o n d i t i o n s )  
A-286 Six-Wing Bol t  Assembly P/N SM1555-4-24 
(Unl u b r i c a t e d  Combinations) 
Table  IV-2 Torque v s  Induced Load (Ambient C o n d i t i o n s )  A-286 
Six-Wing Bol t  Assembly P / N  SW1555-4-24 (lloly- 
Disul f i e d - P l a t e d  Nuts) 
( i n . - l b s )  
5 0 
idote: 1. Bol t  n o t  torqued over  125 i n . - l b  t o  p r e v e n t y i e l d i n g  
2. ido a l lowance was made f o r  p r e v a i l i n g  t o r q u e .  
I I* Bol t  y i e l d i n g  
'i Break away t o r q u e  90 i n .  -1 b (11) Yean 
t iB01 t y i e l d i n g  a t  110 i n . - l  b ( S )  Standard Devia t ion  I 
Note: No n u t s  were run down f a r  enough on t h e  b o l t  
t o  app ly  t e n s i o n  t o  t h e  b o l t .  All t e s t  i tems 
g a l l e d  and s e i z e d  and b o l t s  broke a t  approx i -  









Table EV-3 Torque vs Induced Load (Ambient Cond i t ions )  
T i t an i um ~ A R - 4 V  Six-Wing B o l t  Assembly P/N SW2565-4-24 
(306 Type 11-Plated Nuts )  
Table IV-4 Torque vs Induced Load (Ambient Conditions) A-286 
Six-Wi ng Bo1 t Assembly P/N SW1555-4-24 (Si 1 ver-PI ated 
riuts) 
Table  IV-5 T ~ r q u e  vs Induced Load (Ambient C o n d i t i o n s )  T i t an ium 
6Ak-4V Six-Wing BoS t Assembly P/N SW2565-4-24 
( P a s s i v a t e d  Nut )  
Tab1 e I V-6 Torque Induced Load (Ambient Condi t i  ons ) T i  t a n i  urn 
6Ag-4V S i  x-Wi ng 601 t Assembly P I N  SW2565-4-24 
(VSM 1171-Plated Nut) 
BOLT AND NUT ASSEMBLY NUMB 
When a n a l y z i n g  d a t a  o b t a i n e d  from s e v e r a l  t r i a l s  of an e x p e r i -  
ment, t h e  two most i m p o r t a n t  s t a t i s t i c s  one can c a l c u l a t e  a r e  t h e  
sample mean and sample v a r i a n c e .  I f  t h e  r e s u l t s  of t h e  exper iment  
a r e  N numbers denoted X1, X2, ..., X t h e n  t h e  sample mean and t h e  
n  
sample v a r i a n c e  a r e  given by t h e  e q u a t i o n s  
- 1 N X = - X .  (Sample mean) N 1 i= 1 
- 
X and S2 a r e  t h e  unbiased e s t i m a t e s  of t h e  mean and v a r i a n c e  
r e s p e c t i v e l y .  They a r e  a l s o  s u f f i c i e n t  e s t i m a t o r s  s i n c e  n e i t h e r  
e s t i m a t e  c o n t a i n s  e i t h e r  t h e  t r u e  mean o r  v a r i a n c e .  Note t h a t  i t  
i s  p o s s i b l e  t o  e s t i m a t e  t h e  mean w i t h o u t  e s t i m a t i n g  t h e  v a r i a n c e ,  
b u t  t h a t  t h e  sample v a r i a n c e  c o n t a i n s  t h e  sample mean. An i n t e r -  
p r e t a t i o n  of t h e  sample mean and v a r i a n c e  fo l lows .  
The sample mean i s  t h e  most l i k e l y  v a l u e  t o  e x p e c t  from t h e  
exper iment  and,  a s  such ,  i s  t h e  average  of t h e  t r i a l s  a l r e a d y  ob- 
s e r v e d .  The sample v a r i a n c e  and i t s  s q u a r e  r o o t ,  t h e  s t a n d a r d  
d e v i a t i o n ,  a r e  measures of d i s p e r s i o n  about the  sample mean. The 
sample v a r i a n c e  i s  always a  p o s i t i v e  number b e i n g  t h e  sum of 
s q u a r e s  of N r e a l  numbers. The d e v i a t i o n  i s  a  measure o f  d a t a  
v a r i a b i l i t y .  A l a r g e  s t a n d a r d  d e v i a t i o n  i s  an i n d i c a t i o n  of a 
l a r g e  d i s p e r s i o n  o r  v a r i a b i l i t y  i n  t h e  d a t a .  
I d e a l l y ,  an  exper iment  a s  d e s c r i b e d  i n  Subsec t ion  1, which i s  
e s s e n t i a l l y  t h e  to rqu ing  of a  n u t  t o  a  s p e c i f i e d  l e v e l  and meas- 
u r i n g  t h e  l o a d  on t h e  b o l t ,  shou ld  y i e l d  s i m i l a r  r e s u l t s  when re -  
p e a t e d .  The conf idence one a s s o c i a t e s  w i t h  any one of t h e s e  num- 
b e r s  i s  d i r e c t l y  r e l a t e d  t o  t h e  sample s t a n d a r d  d e v i a t i o n .  
The sample mean and s t a n d a r d  d e v i a t i o n  a s s o c i a t e d  w i t h  each 
exper iment  was d i s p l a y e d  i n  Tab les  IV-2 t h r u  IV-6. The t e s t  r e -  
s u l t s  a r e  grouped i n  columns of f o u r  o r  f i v e  numbers, and t h e  
numbers t o  t h e  l e f t  of t h e  t e s t  r e s u l t s  a r e  t h e  sample mean and 
v a r i a n c e .  For example, r e f e r r i n g  t o  Table  1V-2, t h e  numbers t o  
t h e  l e f t  of t h e  f i r s t  column, 1205 and 100,  a r e  r e s p e c t i v e l y  t h e  
sample mean and s t a n d a r d  d e v i a t i o n .  
C. MECHANICAL FASTENING TECHNIQUE DEVELOPMENT 
FOR APPLICATION IN SPACE 
I n t e r f a c i a l  bonding o r  c o l d  welding of meta l  s u r f a c e s  s u b j e c t e d  
t o  t h e  u l t r a - h i g h  vacuum and tempera tu re  extremes of deep space  
w i l l  a f f e c t  f a s t e n e r  o p e r a t i o n .  The removal and replacement  of 
f a s t e n e r s  used i n  space  o p e r a t i o n s  w i l l  depend on t h e  f a s t e n e r -  
j o i n t  combina t ion ' s  a b i l i t y  t o  p r e v e n t  c o l d  welding and s e i z i n g ,  
The a b i l i t y  of m e t a l l i c  s u r f a c e s  t o  adhere  a c r o s s  t h e  i n t e r -  
f a c e  when brought  i n t o  in t imate -c lean-con tac t  has  been w e l l  e s t a b -  
l i s h e d  i n  t h e  r e s u l t s  of adhesion welding exper iments  on engineer-  
i n g  meta l s .  These exper iments  have provided t h e  mechanisms t o  
d i s r u p t  s u r f a c e  ox ides  t o  e n s u r e  m e t a l l i c  c o n t a c t  t o  induce  t h e  
adhesion of t h e  c o n t a c t i n g  s u r f a c e s .  The t e s t  c o n d i t i o n s  can b e  
d u p l i c a t e d  i n  f a s t e n e r  o p e r a t i o n  i n  space .  
The removal o r  emplacement of t h e  n u t  on t h e  b o l t  can p rov ide  
t h e  a b r a s i o n  and h e a t  necessa ry  f o r  removal of s u r f a c e  o x i d e s  and 
l u b r i c a n t s  t o  induce adhesion when t h e  assembly i s  t i g h t e n e d .  Th is  
c o n d i t i o n  could  prove t o  be  c a t a s t r o p h i c  i n  t h e  e v e n t  t h e  f a s t e n e r  
r e q u i r e d  removal o r  emplacement, o r  p r e c i s e  t e n s i o n i n g  t o  p reven t  
b o l t  f a t i g u e .  
To i n v e s t i g a t e  s p e c i f i c  performance of f a s t e n e r - j o i n t  combina- 
t i o n s  i n  a  s p a c e  environment,  i t  i s  d e s i r a b l e  t o  s e l e c t  commercially 
a v a i l a b l e  f a s t e n e r s  and o p e r a t e  them i n  t h e  a n t i c i p a t e d  environment.  
Th i s  r e q u i r e d  s u b j e c t i n g  t h e  f a s t e n e r  t o  t h e  c y c l i c  t empera tu re  
extremes of +250°F t o  -250°F, t h e  u l t r a - h i g h  vacuum of lo-' t o r r ,  
and t o  p rov ide  a  means of f a s t e n e r  o p e r a t i o n  and d e t e c t i n g  i t s  re-  
sponse.  Th is  w i l l  b e  accomplished by mounting t h e  f a s t e n e r  i n  a  
vacuum chamber f i x t u r e  w i t h  mechanical  f e e d - t h r u s t  f o r  t o r q u i n g ,  
and measuring dev ices  t o  d e t e c t  t h e  f a s t e n e r ' s  r esponse .  The com- 
p l e x i t y  and expense of t h e  t e s t  sys tem r e q u i r e s  t h e  c a r e f u l  sc reen-  
i n g  of t e s t  i t ems  t o  e l i m i n a t e  p o s s i b l e  combinations t h a t  w i l l  
f a i l .  I t  i s  t h e  i n t e n t  of t h i s  t e s t  t o  s e l e c t  f a s t e n e r  combina- 
t i o n s  t h a t  a r e  l i k e l y  t o  succeed ,  and t o  reduce t h e  number of un- 
c o n t r o l l e d  v a r i a b l e s  t h a t  a r e  l i k e l y  t o  mask f a s t e n e r  performance.  
An i d e a l  c a n d i d a t e  i s  t i t a n i u m ,  which forms a  b r i t t l e  and t e n a c i o u s  
s u r f a c e  ox ide  and r e s i s t s  p l a s t i c  y i e l d i n g  t h a t  would t end  t o  f r a c -  
t u r e  t h e  ox ide  c o a t i n g .  The l a b y r i n t h  formed by t h e  n u t  on t h e  
th read  f u r t h e r  reduces  t h e  l o s s  of t h e  s u r f a c e  o x i d e s .  Abrasion 
w i l l  produce r e l a t i v e l y  c l e a n  s u r f a c e s  f o r  b r a s s ,  s i l v e r - t i n  a l l o y s  
w i t h  l e s s  t e n a c i o u s  ox ides  and lower oxygen a b s o r p t i o n  e n e r g i e s  
then t h e  more r e a c t i v e  meta l s  ( s t e e l  and t i t a n i u m ) ,  The g r e e t e r  
d i f f i c u l t y  i n  removing s u r f a c e  ox ides  from t h e  more r e a c t i v e  meta l s  
w i l l  be  used i n  t h e  f a s t e n e r  j o i n t  combinat ions  t o  m a i n t a i n  low 
adhesion e f f i c i e n c i e s .  
1. Methods 
The t e s t  samples a r e  t o  be  mounted on a  d i s c  which can be  i n -  
dexed about  i t s  a x i s  i n  a  vacuum of lo-' t o r r .  Samples t o  b e  dy- 
namica l ly  t e s t e d  by a c t u a l l y  app ly ing  t i g h t e n i n g  and loosen ing  
to rques  w h i l e  i n  t h e  chamber w i l l  be mounted on t h e  o u t e r  d iamete r  
of t h e  d i s c ;  w h i l e  t h e  long  term s t a t i c  t e s t  samples ,  which w i l l  
have been p re to rqued  and w i l l  be  t e s t e d  f o r  breakaway t o r q u e  a t  
ambient t empera tu re  and p r e s s u r e ,  w i l l  b e  l o c a t e d  on t h e  i n n e r  
d iameter .  A the rmal  c o n t r o l  sys tem w i l l  p rov id?  t h e  t empera tu re  
extremes of + 2 5 0 ° ~  t o  approximately  -250°F a s  r e q u i r e d  dur ing  t h e  
t e s t .  The index ing  f i x t u r e  w i l l  be  r o t a t e d  by remote c o n t r o l  i n  
increments  t o  a l i g n  each f a s t e n e r  t o  b e  torqued w i t h  t h e  remotely  
c o n t r o l l e d  wrenching mechanism con ta ined  w i t h i n  t h e  vacuum chamber, 
C a l i b r a t i o n  curves  on t h e  sys tem w i l l  be  developed p r i o r  t o  t e s t  
runs  t o  a s s u r e  a c c u r a t e  d a t a .  D i r e c t  measurement of t h e  t o r q u e  
f o r c e s  r e q u i r e d  t o  l o o s e n  o r  t i g h t e n  a  g iven  f a s t e n e r  w i l l  b e  made 
w i t h  c a l i b r a t e d  t o r q u e  wrenches and /or  s t r a i n  gauge ins t rumented  
f o r c e  b a r s ,  o r  c a l i b r a t e d  w e i g h t s ,  t o  e s t a b l i s h  c a l i b r a t i o n  p o i n t s  
f o r  t h e  f i x t u r e  and t h e  ambient b a s e l i n e  d a t a  f o r  t h e  t o r q u e / t e n -  
s i o n  r e l a t i o n s h i p s .  T e s t  sample t empera tu res  w i l l  be  v a r i e d ,  and 
t h e  b a s e l i n e  e s t a b l i s h e d  over  a  range of t empera tu res ,  t o  e n s u r e  
t h a t  unknown d e f l e c t i o n s  of t h e  f i x t u r e  do n o t  degrade t h e  d a t a .  
These t e s t s  a r e  n o t  des igned  t o  e v a l u a t e  a b s o l u t e  v a l u e s  of f a s t e n -  
e r  t e n s i l e  s t r e n g t h ,  b u t  a r e  in tended  t o  p rov ide  r e l a t i v e  and re -  
p e a t a b l e  t o r q u e / t e n s i o n  c o n d i t i o n s  approximat ing t h e  v a l u e s  ex- 
pec ted  f o r  a g i v e n  s i z e  of f a s t e n e r  s o  t h a t  t h e  r e l a t i v e  e f f e c t s  
of t h e  environment on v a r i o u s  f a s t e n e r s  can be  no ted .  
A 30-day t e s t  w i l l  b e  made, us ing  new f a s t e n e r s ,  which w i l l  
expose t h e  f a s t e n e r - j o i n t  combinations t o  a  vacuum of t o r r  
and a  t empera tu re  of C250°F. Torque- tension r e c o r d i n g s  w i l l  be  
made a t  sample t empera tu res  of +250°F on each dynamic sample a t  
e q u a l  t ime  increments  d u r i n g  t h e  t e s t .  A t  t h e  end of 30 days t h e  
t e s t  w i l l  b e  t e rmina ted  and t h e  f a s t e n e r s  examined, and t h e  d a t a  
w i l l  b e  analyzed t o  de te rmine  f a s t e n e r  performance.  
A f i n a l  d e t e r m i n a t i o n  of those  f a s t e n e r - j o i n t  combinations t o  
b e  inc luded  i n  t h e  f i n a l  vacuum c y c l i c  t empera tu re  t e s t  w i l l  b e  
made, 
The long-term exposure  soak u t i l i z i n g  new f a s t e n e r s  w i l l  b e  
of 30 days d u r a t i o n  a t  LO-' t o r r  vacuum and a  c o n s t a n t  t empera tu re  
of +250°F. Torque t e n s i o n  r e a d i n g s  w i l l  b e  made a t  e q u a l  t ime  in -  
crements d u r i n g  t h e  t e s t .  
The f a s t e n e r - j o i n t ,  l u b r i c a t i o n  combinations shown i n  Tab le  
I V - 7  w i l l  b e  mounted i n  t h e  vacuum t e s t  f i x t u r e  i n  t h e  f o l l o w i n g  
t e s t  sample combinat ions .  
Table IV-7 Dynamic and S t a t i c  Test Samples 
IV-22 
Table  I V - 7  (concl )  
S i l v e r  P la te  Nut 
S ta in less  303 
h i s  Item Not 
va i l ab le  f o r  
P/N NAS1004-24A 
2 .  Fastener Instal lation 
The t e s t  i t ems  a r e  t o  b e  i n s e r t e d  and to rqued  t o  p rov ide  ten-  
s i o n  l o a d s  of approximately  70-80% of t h e  f a s t e n e r  y i e l d  s t r e n g t h .  
The j o i n t  i n s e r t  i s  t o  p r o v i d e  t h e  f a s t e n e r  w i t h  a  mounting sur -  
f a c e  c o n s i s t e n t  w i t h  t h e  s e r v i c e  r a t i n g  of t h e  f a s t e n e r .  The j o i n t  
i n s e r t s  w i l l  m a i n t a i n  dimensional  and modulus of e l a s t i c i t y  char-  
a c t e r i s t i c s  t o  avoid  any d e t r i m e n t a l  p l a s t i c  deformat ion of t h e  
j o i n t  i n  t h e  a r e a  of t h e  f a s t e n e r .  The f a s t e n e r s  w i l l  be  r e t i g h t -  
ened t o  i n s u r e  t h a t  " s e a t i n g "  of t h e  f a s t e n e r  has  n o t  caused a 
r e l a x a t i o n  of t h e  j o i n t  due t o  t h e  compression of s u r f a c e  i r r e g u -  
l a r i t i e s .  
F a s t e n e r s  w i l l  be i n s t a l l e d  w i t h  a p p r o p r i a t e  head washers ,  and 
t h e  b o l t  r e t a i n e d  a g a i n s t  r o t a t i o n  by t h e  b o l t  head. Tensioning 
of t h e  t e s t  samples w i l l  i n  a l l  c a s e s  be  accomplished by a p p l y i n g  
t o r q u e  t o  t h e  n u t .  
3. Test Equipment (Environment Test) 
The t e s t  a p p a r a t u s  c o n s i s t s  of a  f i x t u r e  f o r  h o l d i n g  twenty- 
f o u r  dynamic t e s t  i t e m s ,  and a  s e r i e s  of b l o c k s  c o n t a i n i n g  s t a t i c  
t e s t  samples mounted t o  t h e  f l a t  s u r f a c e  of t h e  r e v o l v i n g  t e s t  
d i s k  (Figure. IV-9 and IV-10). The chamber w i l l  p rov ide  a  vacuum 
t o  los9  t o r r  o b t a i n e d  w i t h  I o n  pumping. 
The dynamic t e s t  i t ems  a r e  mounted i n  c a r e f u l l y  machined spec- 
imen h o l d e r s  indexed t o  a  t e s t  s t a t i o n .  A s l i d i n g - s o c k e t  i s  r a i s e d  
t o  engage t h e  t e s t  i t e m ' s  head i-rom below, and a  t o r q u e  wrench ex- 
t e n d s  i n t o  the ,chamber  and g r i p s  t h e  n u t  f o r  a p p l i c a t i o n  of t o r q u e  
through a  magnet ic  feed- th ru  mounted t o  t h e  f i x t u r e - b a s e - p l a t e .  
A f t e r  t o r q u e  i s  a p p l i e d ,  t h e  t e s t  i t e m  i s  r o t a t e d  t o  engage a  c a l -  
i p e r  t o  d e t e c t  f a s t e n e r  e l o n g a t i o n .  
The r e v o l v i n g  t e s t  d i s k  c o n t a i n s  a  t o r u s  c a v i t y  t o  which LN2 
w i l l  be  c i r c u l a t e d  t o  produce t e s t  i t e m  tempera tu res  of -250°F 
( s e e  F i g u r e s  IV-9 and IV-10). Temperatures of +250°F w i l l  b e  pro- 
duced e i t h e r  by app ly ing  d i r e c t  c u r r e n t  t o  t h e  d i s k  o r  c i r c u l a t i n g  
h o t  gas  o r  l i q u i d  i n  t h e  c a v i t y  t o  produce t h e  d e s i r e d  t e s t  i t e m  
tempera tu re  (F igure  IV-9). 
The r o t a r y  magnetic f e e d - t h r u  mounted t o  t h e  b a s e  p l a t e  of t h e  
vacuum f i x t u r e  i s  u t i l i z e d  t o  manually r e v o l v e  t h e  t e s t  d i s k ,  and 
t o  p rov ide  to rque  t o  t h e  t e s t  i tem.  An i n d i c a t o r  on t h e  feed- 
t h r u  body w i l l  d i s p l a y  t h e  p o s i t i o n s  of t h e  v a r i o u s  t e s t  i t ems  i n  
t h e  chamber. A view p o r t  i n  t h e  vacuum chamber w i l l  p rov ide  v i s u a l  
a c c e s s  t o  t h e  t e s t  i t e m s .  
Tension I n d i c a t o r  
Rotary Magnet ic  Feed-Thru 
F i g u r e  IV-9 Vacuum System Environmental Tests  
/ 
/ 
Torque D r i v e  Feed-Thru 
Replaced Torqu ing  Mech 
S t a t i c  T e s t  I 
F i g u r e  IV-10 E l e v a t i o n  o f  T e s t  F i x t u r e  
4. Variables Effecting Bolt Tension 
The o b j e c t  o f  t h i s  s e r i e s  of t e s t s  i s  t o  d e t e c t  t h e  e f f e c t s  o f  
environment on t h e  f a s t e n e r s  performance.  I d e a l l y  d a t a  i n d i c a t i n g  
a change i n  t h e  f r i c t i o n  between t h e  f a y i n g  s u r f a c e s  of t h e  n u t  
and t h e  b o l t  i s  wanted.  However, t h e  f o l l o w i n g  v a r i a b l e s  have t h e  
c a p a b i l i t y  of masking f a s t e n e r  performance and producing a low con- 
f i d e n c e  l e v e l  i n  t h e  t e s t  r e s u l t s .  
Fric t ion Ratcheting caused by r e p e a t e d  l o a d  a p p l i c a t i o n  w i l l  
a t t e m p t  t o  b e  c o n t r o l l e d  by p r o v i d i n g  specimen h o l d e r s  w i t h  t h e  
same c o e f f i c i e n t  of expansion a s  t h e  test  i t e m .  However, a n  un- 
even h e a t  exchange between t h e  h o l d e r  and t h e  t e s t  i t ems  caused  
by the rmal  e x c u r s i o n s  w i l l  b e  h a r d  t o  c o n t r o l .  I f  t h e  p r e l o a d  of 
t h e  t e s t  i t e m  i s  c y c l e d  by the rmal  r e a c t i o n  t h e  l o o s e n i n g  r o t a t i o n  
of " r a t c h e t i n g "  cou ld  b e  induced d u r i n g  t h e  l o a d i n g  phase .  
Yielding of t h e  f a y i n g  s u r f a c e s  between t h e  b o l t  head,  t h e  
n u t ,  and t h e  specimen h o l d e r  w i l l  b e  minimized by g r i n d i n g  t h e  
b e a r i n g  s u r f a c e s  of t h e  specimen h o l d e r s .  Also,  t h e  stress r e l a x -  
t i o n ,  due t o  s m a l l  l o c a l i z e d  y i e l d i n g  caused by smoothing o f  t h e  
t h r e a d ,  due t o  d i l a t i o n  and wear  w i l l  a l s o  c o n t r i b u t e  t o  t h e  l o s s  
o f  t e n s i o n  i n  t h e  f a s t e n e r .  
The r e s u l t s  of a  p r e l i m i n a r y  tes t  exposing n i n e  1/4-28 x 314-. 
i n .  b o l t s  t o  a  h a r d  vacuum f o r  30  days  w i t h  f o u r  h e a t  c y c l e s  up  t o  
550°F, r e s u l t e d  i n  a r e l e a s e  t o r q u e  60 t o  70% below t h e  i n i t i a l  
t o r q u e .  * 
Loosening by i s o l a t e d  t h r e a d  y i e l d i n g  d u r i n g  c y c l i n g  o f  t h e  
f a s t e n e r s  w i l l  b e  i m p o s s i b l e  t o  c o n t r o l ,  r e s u l t i n g  i n  t h e  t e n s i o n  
changes i n d i c a t e d  above. 
5. Test Apparatus 
The Phase-IV h i g h  t empera tu re  t e s t  was conducted w i t h  t h e  T e s t  
Apparatus  shown i n  F i g u r e  I V - 1 1  and IV-12. The vacuum chamber was 
c o n s t r u c t e d  of s t a i n l e s s  s teel ,  and i s  approximately  1 2  i n ,  i n  
d iamete r  and 6 . 5  i n .  h i g h .  A G r a n v i l l e - P h i l l i p s  6 i n .  1600 l i t e r /  
s e c  E l e c t r o  I o n  Pump was f l a n g e  mounted t o  t h e  chamber p r o p e r .  
F i g u r e  IV-13 is  a  t i m e  h i s t o r y  of r e q u i r e d  chamber pump down and 
h e a t i n g  c y c l e .  The f l a n g e  mount c o n t a i n e d  v a l v i n g  f o r  i n t e r -  
connec t ing  a l i q u i d - n i t r o g e n  t r a p p e d  mechanical  force-pump and a n  
a i r - a d m i t t a n c e  v a l v e  ( n o t  shown i n  f i g u r e ) .  The pump power s u p p l y  
and c o n t r o l l e r  are shown p l a c e d  a t  t h e  l e f t  of t h e  chamber. 
' ~ d d i t i o n a l  i n f o r m a t i o n  ( a s  p r e s e n t e d  i n  MB-2560, 6  October 
1967) can b e  o b t a i n e d  from M r .  George Armstrong, /PR-SS Purchas ing  
O f f i c e r ,  MSFC. 




A Varian-rotary-magnetic-feed-thru was v e r t i c a l l y  mounted t o  t h e  
c e n t e r  of t h e  chamber b a s e  p l a t e  t o  p rov ide  a  means of s u p p l y i n g  
t o r q u e  and index ing  t h e  t e s t  specimens w i t h i n  t h e  chamber. A c a l -  
i p e r  ar rangement  was mounted t o  t h e  b a s e  p l a t e  and i n t e r c o n n e c t e d  
t o  t h e  chamber w i t h  s t a i n l e s s  s teel  be l lows .  A 0.0001-in.  i n d i -  
c a t o r  d i a l  was mounted e x t e r n a l  t o  t h e  chamber ( F i g u r e  IV-11) and 
used i n  t h e  connec t ion  w i t h  t h e  i n t e r n a l  c a l i p e r  t o  measure t e s t  
specimen e l o n g a t i o n .  T e s t  specimens were  indexed by r o t a t i n g  t h e  
f e e d - t h r u  t o  p o s i t i o n  t h e  t e s t  i t ems  i n  l i n e  w i t h  t h e  t o r q u i n g  
mechanism and t h e  e l o n g a t i o n  c a l i p e r .  A screw was mounted t o  t h e  
upper s u r f a c e  of t h e  chamber t o  e x t e n d  a  s t a i n l e s s  s t e e l  be l lows  
t o  d e p r e s s  t h e  t o r q u i n g  mechanism engaging t h e  n u t  t o  b e  t o r q u e d  
and d i sengage  a  key i n  t h e  i n d e x  p l a t e  shown i n  F i g u r e  IV-10. 
Rad ian t  h e a t  was s u p p l i e d  by mounting q u a r t z  lamps i n  t h e  chamber 
and s u p p l y i n g  v a r i a b l e  power through b a s e  mounted p i n  connec tors .  
Thermocouple w i r e s  were  mounted t o  i n t e r n a l  chamber s t r u c t u r e  
s h i e l d e d  from t h e  lamps t o  i n d i c a t e  chamber t empera tu re .  
6 .  Specif ica t ions  
Ion P q  
The E l e c t r o  I o n  i s  a n  e l e c t r o s t a t i c ,  m u l t i c e l l e d ,  t r i o d e ,  
g e t t e r - i o n  pump. Pumping i s  ach ieved  by (1)  g e t t e r i n g  a c t i v e  g a s e s  
by a  con t inuous ly  d e p o s i t e d  t i t a n i u m  f i l m  prov ided  by a  l o n g - l i f e ,  
l a r g e - a r e a ,  r e s i s t a n c e - h e a t e d  s u b l i m a t o r ;  and ( 2 )  i o n i z i n g  chem- 
i c a l l y  i n e r t  gases  by means of a c loud  of e l e c t r o s t a t i c a l l y  con- 
f i n e d ,  e n e r g e t i c  e l e c t r o n s ,  and b u r y i n g  t h e  i o n s  i n  t h e  pump w a l l  
where they  a r e  permanently t r a p p e d  by t h e  con t inuous  d e p o s i t i o n  of 
t i t a n i u m .  
The pump c o n s i s t s  of a n  e l e c t r o d e  assembly l o c a t e d  c o n c e n t r i -  
c a l l y  w i t h i n  a c y l i n d r i c a l ,  s t a i n l e s s - s  t e e l ,  water-cooled hous ing ,  
which a l s o  s e r v e s  as t h e  ca thode  of t h e  pump. The e l e c t r o d e  as-  
sembly i s  mounted on a removable b a k e a b l e  f l a n g e ,  and c o n t a i n s  a 
s u b l i m a t o r  surrounded by f o u r  i o n i z e r  c e l l s ,  
A removable o p t i c a l  b a f f l e  p r e v e n t s  t h e  escape  of t i t a n i u m  o r  
e x c e s s i v e  the rmal  energy from t h e  pump. I o n s  and e l e c t r o n s  a r e  
p reven ted  from escap ing  by e l e c t r o s t a t i c  f i e l d s  w i t h i n  t h e  pump. 
O p e r a t i o n  of t h e  E l e c t r o - I o n  is  au tomat ic .  A l l  normal pump func- 
t i o n s  such  a s  bakeout ,  s t a r t i n g ,  s u b l i m i n a t i o n  pumping, and i o n  
pumping a r e  c a r r i e d  o u t  a u t o m a t i c a l l y .  Pump o p e r a t i o n  is  pro- 
t e c t e d  from o v e r p r e s s u r e  and m a l f u n c t i o n s  by a  s p e c i a l  p r e s s u r e  
s e n s o r  i n  t h e  pump and l o g i c  c i r c u i t s  i n  t h e  C o n t r o l l e r .  Pump 
p r e s s u r e  i s  d i s p l a y e d  on t h e  meter  from about  1 t o r r  t o  5 x 1 0 - ~  
t o r r .  
Figure IV-13 Time History o f  Hi-Temp Chamber Pump Down 
The pumping speeds f o r  a f u l l y  b a f f l e d  pump f o r  va r ious  gases  
a t  t o r r  a r e  given i n  Table  I V - 8 .  
T a b l e  IV-8 I o n  Pump Pumping S p e e d s  
. . . . . . . .  Nitrogen 1600 l / s e c  Carbon Monoxide . .  1600 l / s e c  
. . . . . . . .  Hydrogen 4800 l / s e c  Argon . . . . . . .  24 l / s e c  
. . . . . . . . .  . . . . . .  Oxygen 1500 l / s e c  Helium 2.5 l / s e c  
Carbon Dioxide . . . . .  1300 l / s e c  
Cont ro l  1 e r  
I n p u t s  Cons t r u c t i o n  
From Power Supply 
o u t p u t s  
P r e s s u r e  i n d i c a t i o n  on t a u t  band,  5 
i n .  p a n e l  meter  from 1 t o r r  t o  5 x 1 0 - ~  
T o r r  on 7  meter  r anges .  0.5A r e l a y  
c o n t a c t  t o  o p e r a t e  t h e  c o o l i n g  w a t e r  
supp ly  v a l v e .  0.5A r e l a y  c o n t a c t  
f o r  c o n t r o l  of a  mechanical  forepump, 
i f  used.  0.5A r e l a y  c o n t a c t  f o r  con- 
t r o l  of a s o l e n o i d  a c t u a t e d  f o r e l i n e  
v a l v e .  Low v o l t a g e  dc  s t a t u s  s i g -  
n a l s  which appear  a f t e r  each Con- 
t r o l l e r  s w i t c h i n g  l o g i c  f u n c t i o n  is  
completed.  
Temperature L imi t  
50°C maximum ambient w i t h o u t  f o r c e d  
c o o l i n g .  
A l l  s o l i d  s t a t e ,  computer s t y l e ,  
r e p l a c e a b l e ,  c i r c u i t  b o a r d s ,  
Mounting 
S tandard  Rack Mounting 
Net Weight 
LO l b  5 kg 
Sh ipp ing  Weight 
17  l b  8 kg 
Power Supply 
I n p u t  Power 
115 v ,  60 c p s ,  16A s i n g l e  phase .  





Temperature L imi t s  
50°C maximum ambient w i t h o u t  
f o r c e d  c o o l i n g .  
Ion Pwnp 
B a f f l e d  Speed f o r  N 2  
Temperature L i m i t s  
30OoC maximum e x t e r n a l  bakeou t  tem- 
p e r a t u r e  w i t h  c a b l e  removed. I n t e r -  
n a l l y  s e l f  bak ing  t o  300°C d u r i n g  
o p e r a t i n g  c y c l e .  
Magnetic F i e l d  
None used .  An e x t e r n a l l y  a p p l i e d  
magnet ic  f i e l d  of 100 gauss  p a r a l l e l  
t o  t h e  pump a x i s  causes  l e s s  than  1% 
d e c r e a s e  i n  t h e  i o n  pumping speed  
and does n o t  a f f e c t  t h e  g e t t e r  pump- 
i n g  speed .  
Cur ren t  F lux  @ 1 x 1 0 - ~  t o r r  from p o r t  of 
f u l l y  b a f f l e d  pump 
Rad ian t  F lux  
Cooling Water 
1 l i t e r l m i n  (approx imate ly  0 . 2 5  
gpm) 
M a t e r i a l s  
Housing: A l l  Type 304 s t a i n l e s s  
s t e e l .  
E l e c t r o d e s :  Very low vapor  p r e s -  
s u r e  m e t a l s ,  vacuum f i r e d  a t  
1000°C, and a lumina ceramic  i n s u -  
l a t o r s .  
Sub l imator :  Ti tanium,  r e f r a c t o r y  
m e t a l s ,  o t h e r  v e r y  low vapor  p r e s -  
s u r e  m e t a l s ,  p l u s  b e r y l l i a  and 
a lumina ce ramics .  
I n t e r n a l  Volume 
14  l i t e r s  
Approximately 1 9  w of the rmal  energy 
i s  r a d i a t e d  through t h e  i n l e t  p o r t .  
The f o r c e  t r a n s d u c e r  used t o  o b t a i n  d a t a  f o r  t h e  Ambient Torque/ 
Tension T e s t s  was Government f u r n i s h e d  equipment. The t r a n s d u c e r  
was a  GSE I n c .  Model FT-250 w i t h  t h e  f o l l o w i n g :  
1 )  Cons t ruc t ion :  S t e e l  F l e x u r e ,  Aluminum Cover; 
2) Sensor :  120 t o  350 Ohm, F u l l  Br idge  Bonded S t r a i n  
Gages ; 
3) Output :  Nominal 1 . 5  mv/v a t  F u l l  S c a l e ;  
4)  Accuracy: 21% of Rated Load; 
5) E x c i t a t i o n :  12 vdc o r  a c  (maximum); 
6)  Temperature Compensation: Zero D r i f t  Less than  1%; 
7)  Shunt C a l i b r a t i o n  R e s i s t o r :  Furn i shed ;  
8) S t i f f n e s s  : l b / i n . x 1 0 . 5 ~ 1 0 - ~ .  
The f o r c e  t r a n s d u c e r  used i n  t h e  phase  low tempera tu re  runs  
was a GSE Model FT-250-B, which had b e t t e r  performance t h a n  t h e  
s t a n d a r d  u n i t  w i t h  a  cal ibra ted-modulus  compensa t ing- res i s to r  in -  
s i d e  t h e  t r a n s d u c e r  c a s e .  
Torque Mechanism 
The t o r q u i n g  mechanism was c o n s t r u c t e d  of 304 s t a i n l e s s  w i t h  
copper p l a t e d  s p r o c k e t s  and l a d d e r  cha in .  The s p r o c k e t s  were 
j o u r n a l l e d  w i t h  n e e d l e  b e a r i n g s ,  w i t h  a  3 : 1  t o r q u e  o u t p u t  when en- 
gaged w i t h  t h e  magnet ic  feed- th ru .  F igure  IV-14 i s  a  c a l i b r a t i o n  
curve developed f o r  t h e  f i x t u r e .  
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F i g u r e  IV-14 Torque Mechanism Cal i b r a t i o n  Curve 
The var ian-rotary-mot ion feed- th ru  is des igned  t o  t r a n s m i t  
r o t a r y  motion i n t o  u l t r a - h i g h  vacuum s y s  terns. Torque is  t r a n s -  
m i t t e d  through magnet ic  l i n e s  of f o r c e ,  e l i m i n a t i n g  s l i d i n g  vacuum 
s e a l s  and t h e i r  l u b r i c a t i o n .  
The feed- th ru  d e l i v e r s  6 Et-lb of t o r q u e  t o  t h e  o u t p u t  s h a f t ,  
and w i t h  t h e  magnet removed i s  bakeab le  t o  400°C. The s t r a y  mag- 
n e t i c  f i e l d  s t r e n g t h  a long  t h e  a x i s  of t h e  f e e d - t h r u  i s  4 gauss  
a t  t h e  f l a n g e ,  1 gauss  2 i n .  from t h e  f l a n g e ,  and 0.5 gauss  4 i n .  
from t h e  f l a n g e .  
The l u b r i c a n t  i s  dry  molybdenum d i s u l f i d e  (Molykote Type Z ) ,  
which h a s  a low vapor  p r e s s u r e  and w i l l  w i t h s t m d  high- temperature  
bakeout  w i t h o u t  g a s s i n g  o r  b r e a k i n g  down. 
7 .  Temperature Meas uremen t 
The exper iment  r e q u i r e d  measur ing t empera tu re  a t  t h r e e  loca-  
t i o n s  : 
1)  S t a i n l e s s  s t e e l  b o l t  c y l i n d e r ;  
2)  Ti tanium b o l t  c y l i n d e r ;  
3) Ambient r a d i a n t  energy a t  c e n t e r  of vacuum chamber. 
Copper-constantan thermocouples (TCs) were s e l e c t e d  a s  a  t r a n s d u c e r  
f o r  t h e  problem, and a s imple  e l e c t r o n i c  r e a d o u t  u s i n g  room tem- 
p e r a t u r e  a s  a  r e f e r e n c e - j  u n c t i o n  t empera tu re  was c o n s t r u c t e d .  The 
completed sys tem had a  measurement e r r o r  of l e s s  t h a n  +5"F (ap- 
p roach ing  ?2 'F) ,  and appeared t o  b e  compat ible  i n  a l l  ways w i t h  
experiment requ i rements .  
A b l o c k  diagram of t h e  t empera tu re  measurement sys tem is  shown 
i n  F i g u r e  I V - 1 5 .  
Amplifier and Meter 
Figure IV-15 Temperature Measuren~ent Block Diagram 
TCs C and D were  welded d i r e c t l y  t o  t h e  b e l t  c y l i n d e r s .  TCs 
A and B were  f l a t t e n e d  a t  t h e  a c t i v e  j u n c t i o n  t o  a  t h i c k n e s s  of 
0.005 i n .  and exposed t o  ambient r a d i a t i o n .  E l e c t r i c a l  connec t ion  
through t h e  chamber was made w i t h  go ld-p la ted  copper p i n s .  TCs 
were cont inuous  CU-CON on b o t h  s i d e s  of t h e  connec tor .  An alumi- 
num cap was p l a c e d  over  t h e  connector  on t h e  i n s i d e  of t h e  chamber 
a s  a  r a d i a t i o n  s h i e l d .  Po lyure thane  i n s u l a t i o n  was p laced  o v e r  
t h e  connector  on t h e  o u t s i d e  of t h e  chamber a s  a  h e a t  conduc t ion  
i n s u l a t o r .  Heat i n s u l a t i o n  a t  t h e  connec tor  h e l d  t h e  t empera tu re  
g r a d i e n t  a c r o s s  t h e  p i n s  t o  a  n e g l i g i b l e  v a l u e .  Any g r a d i e n t  a t  
t h i s  p o i n t  of TC d i s c o n t i n u i t y  w i l l  c r e a t e  t empera tu re  r e a d o u t  
e r r o r s .  The e l e c t r i c a l  s w i t c h  was a  2-pole 4 - p o s i t i o n  s w i t c h  w i t h  
s i l v e r - p l a t e d  c o n t a c t s .  Copper l e a d  w i r e  was used from s w i t c h  t o  
a m p l i f i e r / m e t e r ,  hence t h e  TC r e f e r e n c e  j u n c t i o n  was a t  t h e  s w i t c h .  
A Burr-Brown o p e r a t i o n a l  a m p l i f i e r  and a s i m p l e  meter  movement was 
used f o r  r e a d o u t .  A p p r o p r i a t e  n u l l i n g  and b a l a n c e  p o t e n t i o m e t e r s  
were used i n  t h e  a m p l i f i e r  t o  a s s u r e  adequa te  s e n s i t i v i t y  and 
accuracy.  TCs were  made of AWG No. 30 s i z e  w i r e  t o  minimize t h e  
t ime-consrant  and hea t -conduc t ion  problems. T e f l o n  i n s u l a t i o n  
was used where a p p r o p r i a t e ;  ceramic  TC t u b i n g  was used where nec- 
e s  s a r y  . 
D. VACUUM, AND H I G H  TEMPERATURE, THIRTY-DAY SOAK TEST 
This  t e s t  was conducted a t  p r e s s u r e  l e v e l s  of lo-' t o r r  and 
a  c o n s t a n t  t empera tu re  of +250°F. Three  days of bake-out and 
pump-down were r e q u i r e d  b e f o r e  chamber and t e s  t sample out-gass  i n g  
were d imin i shed  t o  l e v e l s  t o  m a i n t a i n  a  chamber p r e s s u r e  i n  t h e  
t o r r  range.  ( F i g u r e  IV-13, page IV-29, i n d i c a t e d  a  p r o f i l e  of 
t ime  v s  p r e s s u r e  and t empera tu re  dur ing  chamber pump-down. ) T e s t  
i t ems  con ta ined  i n  t h e  chamber a r e  shown i n  F i g u r e  IV-16, The 
dynamic test  samples '  f r e e - l e n g t h s  and t h e  n u t s  t o r q u e  t o  a n  i n i -  
t i a l  l o a d  of 75 i n . - l b .  Seven ty- f ive  i n . - l b  was s e l e c t e d  a s  t h e  
i n s t a l l a t i o n  t o r q u e  t o  overcome t h e  s e l f - l o c k i n g  f e a t u r e  of t h e  
n u t s  t o  i n s u r e  t h e  s e a t i n g  of t h e  t e s t  i t e m  i n  t h e  test c y l i n d e r .  
The t o r q u i n g  mechanism was c a l i b r a t e d  a t  ambient t empera tu re  
p r i o r  t o  c l o s i n g  t h e  chamber. (The to rqu ing  mechanism c a l i b r a -  
t i o n  curve  was shown i n  F igure  IV-14, page IV-34). The s t a t i c  t e s t  
sample i t ems  were  p r e t o r q u e d  t o  175 i n . - l b ,  and i t e m s  29 t h r u  
32 were  torqued t o  700 i n . - l b  p r i o r  t o  i n s t a l l a t i o n  i n  t h e  chamber. 

One week i n t o  t h e  t e s t ,  t o r q u i n g  of t h e  b o l t s  t o  100 i n . - l b  
began. A f t e r  t o r q u i n g  and measur ing s e v e r a l  b o l t s ,  t h e  c a l i p e r  
arrangement used t o  measure b o l t  e l o n g a t i o n  jammed. It w a s  n o t e d  
t h a t  some of  t h e  to rqued  n u t s  e x h i b i t e d  s h e a r e d  p o r t i o n s  of t h e  
d r i v e  wings .  I t  was assumed t h a t  c h i p s  from t h e  d r i v e  l u g s  cou ld  
have dropped i n t o  t h e  s l i d i n g  i n t e r f a c e s  of t h e  c a l i p e r  t o  c a u s e  
t h e  jammed c o n d i t i o n .  I t  was dec ided  t o  c o n t i n u e  t h e  test t o  
de te rmine  i f  g r o s s  adhes ion  would occur  l a t e r  i n  t h e  t e s t ,  because  
l e a d  t i m e  would b e  r e q u i r e d  t o  o b t a i n  a  new s e t  of be l lows  t o  fab-  
r i c a t e  a new c a l i p e r .  
T e s t  i tems 1 7  t h r u  24 were c y c l e d  f o u r  t imes  i n  q u i c k  succes -  
s i o n  t o  t h e  magnet ic  f e e d - t h r u  b r e a k o u t  p o i n t ,  approximately  175 
t o  185  i n . - l b  of t o r q u e  ( F i g u r e  IV-14). The n u t  was chased through 
s e v e r a l  p i t c h e s  a s  q u i c k l y  as p o s s i b l e  t o  develop h e a t  and a b r a s i o n  
a t  t h e  f a y i n g  s u r f a c e  between t h e  n u t  and t h e  b o l t .  The th ree - to -  
one r e d u c t i o n  i n  t h e  t o r q u i n g  mechanism preven ted  t h e  n u t  from 
be ing  r o t a t e d  a t  speed  comparible  t o  c h a s i n g  down a  n u t  w i t h  a  
s imple  one-to-one r a t i o  of a  wrench o r  r a t c h e t .  
I t  was no ted  t h a t  of t h o s e  t e s t  i t e m s  cyc led  a s  d e s c r i b e d  
above, on ly  t e s t  i t e m  24, which s e i z e d  upon t h e  i n i t i a l  a p p l i c a -  
t i o n  of t o r q u e ,  f a i l e d  t o  respond.  T h i s  t e s t  i t e m  was a  combina- 
t i o n  of a n  u n l u b r i c a t e d  s t a i n l e s s  n u t  and b o l t .  Adhesion of s i m -  
i l a r  u n l u b r i c a t e d  combinat ions  occured  i n  ambient b a s e l i n e  condi-  
t i o n s ,  and no s i g n i f i c a n c e  was a t t a c h e d  t o  t h e  s e i z i n g  of t h e  t e s t  
i tem.  U n f o r t u n a t e l y ,  because  of t h e  c a l i p e r  f a i l u r e ,  t e n s i o n  i n  
t h e  b o l t s  a s  a  f u n c t i o n  of t h e  t o r q u e  a p p l i c a t i o n  cou ld  n o t  b e  
moni tored i n  t h i s  t e s t  . 
During b o l t  c y c l i n g ,  a  s l i d i n g  key used t o  d i sengage  t h e  i n -  
dex p l a t e  w i t h  t h e  t o r q u e  mechanism f r o z e ,  r e n d e r i n g  t h e  mechan- 
i s m  i n o p e r a t i v e .  Th is  was t h e  r e s u l t  of a t t e m p t i n g  t o  r u n  t h e  
mechanism dry t o  p r e v e n t  t h e  p o s s i b i l i t y  of l u b r i c a n t  backstream- 
i n g  from t h e  to rque  mechanism t o  t h e  tes t  samples .  O r i g i n a l l y ,  a  
t o r q u e  mechanism c a p a b l e  of d e l i v e r i n g  t h e  r e q u i r e d  t o r q u e  l e v e l s  
a t  a  one-to-one r a t i o  was cons idered .  The t o r q u e  l e v e l s  r e q u i r e d  
were f a r  i n  excess  of t h e  c a p a b i l i t y  of s t a n d a r d  vacuum f e e d - t h r u s .  
Long d e l i v e r y  t ime r e q u i r e d  f o r  t h e  development of a  s p e c i a l  f eed-  
t h r u  p r e c l u d e d  i t s  u s e  w i t h i n  t h e  s c o p e  of t h e  o r i g i n a l  t i m e  s p a n .  
Upon t h e  f a i l u r e  of t h e  chamber f e e d - t h r u ,  a n  e x t e n s i o n  t o  t h e  
c o n t r a c t  was r e q u e s t e d  and o b t a i n e d  t o  s e c u r e  a replacement .  The 
new f e e d - t h r u  was o r d e r e d  f o r  u s e  i n  t h e  follow-on c y c l i c  env i ron-  
mental  t e s t s ,  and t h e  h i g h  t empera tu re  t e s t  was con t inued  t o  g i v e  
a t o t a l  running t ime of 30 days a t  +250°F and a  t o r r  vacuum 
l e v e l .  
F a s t e n e r  r e l e a s e  t o r q u e s  were  n o t e d  immediately a f t e r  t h e  
chamber was opened. However, t h e  t ime  s p a n  from chamber opening 
t o  b o l t  r e l e a s e  was n o t  s h o r t  enough t o  p r e v e n t  r e o x i d a t i o n  of 
t h o s e  s u r f a c e s  exposed t o  atmosphere.  F i g u r e s  I V - 1 7  and IV-18 
i n d i c a t e  break-away t o r q u e  r e q u i r e d  t o  r e l e a s e  dynamic and s t a t i c  
t e s t  items. 
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Figure IV-17 Break-Away Torques f o r  Dynamic 
Test Items 
Mote: These t e s t  items were pretowued to  I-l-El- and 170 placed in.- lb under i  the d i e n t  Chairber. conditions 
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Figure IV-18 Break-Away Torques fo r  
S t a t i c  Test Items 
E .  V A C U U M  A N D  C Y C L I C  T E M P E R A T U R E  TEST 
The chamber was modif ied t o  a c c e p t  t h e  new feed- th ru  des igned  
and f a b r i c a t e d  t o  overcome t h e  d i f f i c u l t i e s  w i t h  t h e  i n i t i a l  
t o r q u e  d r i v e .  F i g u r e  IV-19 shows t h e  feed- th ru  mounted i n  work- 
i n g  p o s i t i o n .  The t e s t  f i x t u r e  was modif ied a s  shown i n  F i g u r e  
IV-20. Quardran t s  i n  t h e  f i x t u r e  s p i d e r  were removed, and t h e  
bottom s u r f a c e  was lapped t o  i n s u r e  c o n t a c t  w i t h  t h e  copper h e a t  
s i n k .  The h e a t  s i n k  i s  v i s i b l e  through t h e  spokes  of t h e  s p i d e r .  
O r i g i n a l l y  i t  was planned t o  r u n  LN2 th rough  a  c a v i t y  i n  t h e  
s p i d e r - v i s i b l e  i n  t h e  spoke r a d i a t i n g  toward t h e  c a l i p e r  measur- 
i n g  d e v i c e .  However, t h i s  concept  proved i m p r a c t i c a l  because  
of f l e x i b l e  be l lows  squirm,  and t h e  i n a b i l i t y  of t h e  magnet ic  
feed- th ru  t o  p r o v i d e  t h e  a d d i t i o n a l  t o r q u e  r e q u i r e d  t o  u n c o i l  o r  
c o i l  t u b i n g  r e q u i r e d  t o  r u n  t h e  c o o l a n t  from t h e  b a s e  p l a t e  t o  
t h e  index p l a t e .  
The n o n - r o t a t i n g  h e a t  s i n k  shown c o n s i s t e d  of a s o l i d  copper  
p l a t e  w i t h  LN2 passages  machined i n t o  i t s  i n t e r i o r .  The mat ing  
s u r f a c e  was lapped and t h e  p l a t e - s p r i n g  loaded t o  m a i n t a i n  s l i d -  
ing  c o n t a c t  w i t h  t h e  r o t a t i n g  s p i d e r .  
New test  i t e m s  were i n s t a l l e d  a s  shown i n  F i g u r e  IV-20. It  
i s  no ted  t h a t  t h e  n u t s  were j u s t  b a r e l y  engaged t o  expose t h e  
t h r e a d s  t o  t h e  vacuum environment.  Both ends of t h e  t e s t  b o l t  
were c a r e f u l l y  c e n t e r  d r i l l e d  t o  a c c e p t  t h e  b a l l  ends of t h e  m i -  
c romete r .  The q u a r t z  lamps a r e  shown mounted t o  c l o s e  p rox imi ty  
t o  t h e  test  i t e m s .  Removal of q u a r d r a n t s  i n  t h e  r o t a t i n g  s p i d e r  
were made t o  d e c r e a s e  i t s  mass t o  a i d  i n  t empera tu re  response  
and t o  p r o v i d e  a r a d i a n t  p a t h  from t h e  lamps t o  h e a t  t h e  p l a t e .  
The chamber w a s  c l o s e d  and pumped down, and LN2 was passed 
through t h e  h e a t  s i n k  i n  a n  a t t e m p t  a t  c o o l  down. The r e s u l t s  
were d i s a p p o i n t i n g  and t h e  chamber was broken open and i n s u l a t i o n  
was a p p l i e d  t o  t h e  chamber i n t e r i o r  and m o d i f i c a t i o n s  were made 
t o  i n s t r u m e n t a t i o n .  The s t a i n l e s s ,  t i t a n i u m  and copper used i n  
t h e  chamber a r e  poor  b l a c k  b o d i e s  and n o t  a good cho ice  f o r  r a p i d  
and wide e x c u r s i o n s  of t empera tu re  r e s p o n s e .  However, t h e  ma- 
t e r i a l s  were s e l e c t e d  t o  produce a h a r d  c l e a n  vacuum which was 
cons idered  of pr imary importance.  The a l t e r n a t i v e  of p a i n t i n g  
t h e  i n t e r i o r  w i t h  b l a c k  vacuum chamber p a i n t  t o  enchance tem- 
p e r a t u r e  r e s p o n s e  was no t  cons idered  wise .  P r e v i o u s  e x p e r i e n c e  
w i t h  t h i s  t y p e  of f i x  i n d i c a t e d  t h a t  a p r o b a b l e  d e g r a d a t i o n  i n  
t h e  vacuum l e v e l s  would r e s u l t  r e q u i r i n g  h i g h e r  power l e v e l s  
i n t r o d u c i n g  a  h i g h e r  r a d i a n t  f l u x  t h r u  t h e  pump i n l e t  p o r t  i n t o  
t h e  chamber. Larger  chambers a v a i l a b l e  w i t h  c ryopane l s  and t h e  
r e q u i r e d  c o o l i n g  c a p a c i t y  d i d  n o t  have t h e  l o s 9  vacuum c a p a b i l i t y .  
Because of t h i s  problem, i t  was dec ided  t h a t  ha rd  vacuums i n  t h e  
t o r r  and +250°F tempera tu res  would be  more conduc t ive  t o  
adhes ion  t h a n  t h e  a p p l i c a t i o n  of low tempera tu re ,  and t h a t  i t  
would be more e f f e c t i v e  t o  r u n  t o r q u e  t e n s i o n  d a t a  a t  t o r r  
and +250°F. Cool-down would be accomplished a f t e r  t h e  d a t a  was 
o b t a i n e d  by t u r n i n g  o f f  t h e  Ion  Pump and app ly ing  LN2. Torque 
t e n s i o n  r e a d i n g s  would t h e n  be  made a t  t h e  lowes t  t empera tu res  
a t t a i n a b l e ,  and vacuum levels below t o r r  . 
F i  gure IV-19 Cycl i c  Temperature Vacuum Chamber 
with New Feed-Thru 

F. TEST RESULTS AND CONCLUSIONS, 
CYCLIC TEMPERATURE TORQUEITENSION TESTS 
The f o l l o w i n g  t o r q u e  vs induced-load t e s t s  were  r u n  i n  t h e  
f i x t u r e  shown i n  F igure  IV-16 on page IV-38. The environment was 
vacuum p r e s s u r e  of 5  x  and a  c o n s t a n t  t empera tu re  o f  +250°F. 
B o l t  t e n s i o n  was i n t e r p o l a t e d  from b o l t  e l o n g a t i o n  measurements 
and c o n v e r t i n g  t h i s  measurement t o  b o l t  t e n s i o n .  The specimen test  
c y l i n d e r s  a r e  0.750 i n .  i n  d iamete r  and 1 .5  i n .  long .  The c y l i n d e r  
b o r e  i s  0.255 i n ,  d iamete r .  The s q u a r e n e s s  of t h e  i n t e r n a l  b o r e  
t o  t h e  b e a r i n g  s u r f a c e s  was 2 10 minutes .  The b e a r i n g  s u r f a c e s  
were machined t o  a 32 RMS f i n i s h .  The f a s t e n e r  w a s  i n s t a l l e d  a s  
shown i n  F i g u r e  IV-16 w i t h  t h e  b o l t  r e t a i n e d  and v e r t i c a l l y  sup- 
p o r t e d  by t h e  b o l t  head.  The n u t s  were  assembled t o  t h e  b o l t  as 
shown i n  t h e  fo reground .  
Torque was a p p l i e d  t o  t h e  n u t  through t h e  f e e d - t h r u  shown i n  
F i g u r e  IV-19. Torque was a p p l i e d  w i t h  a c a l i b r a t e d  t o r q u e  wrench 
and pneumatic impact  t o o l .  The b o l t  t h r e a d s  were c leaned  w i t h  ace- 
tone  and r i n s e d  w i t h  a l c o h o l  and t h e  n u t s  were hand led  i n  a  manner 
i n t e n d e d  t o  p r e v e n t  contaminat ion.  B o l t  e l o n g a t i o n  was measured 
n i t h  t h e  d i a l  i n d i c a t o r  shown, a c c u r a t e  t o  0 . 0 0 0 1 i n . ,  and recorded  
i n  an  environment hav ing  a c o n s t a n t  t empera tu re  and humidi ty .  
The t e s t  i t e m s  were torqued w i t h  a  c a l i b r a t e d  t o r q u e  wrench t o  
50 i n . - l b  of t o r q u e ,  and t h e  e l o n g a t i o n  no ted .  The t o r q u e  was t h e n  
i n c r e a s e d  t o  100 i n . - l b  and t h e  e l o n g a t i o n  n o t e d ,  and r e p e a t e d  a t  
150 i n . - l b .  The a v a i l a b l e  t i m e  d i d  n o t  pe rmi t  a d d i t i o n a l  r e a d i n g s  
and an  impact  t o o l  was used t o  c y c l e  t h e  t e s t  i t e m s  f i v e  t imes  and 
compare "before  and a f t e r "  t o r q u e s  r e q u i r e d  t o  chase  t h e  n u t  down 
t h e  b o l t .  
P r i o r  t o  c y c l i n g ,  t h e  test i t e m s  had been con t inuous ly  exposed 
t o  vacuum i n  t h e  t o r r  r ange ,  and t empera tu res  of p l u s  250°F, 
f o r  168 hours .  The r e s u l t s  o f  t h e  t o r q u e  vs .  induced l o a d  a r e  
c o n t a i n e d  i n  Tab les  IV-9 t h r u  IV-15 and F igures  IV-21 t h r u  IV-28. 
The composite i n  F igure  IV-21 compares t h e  r e s u l t s  of t h e  pe r -  
formance of v a r i o u s  combinations o f  f a s t e n e r  m a t e r i a l s  and l u b r i -  
c a n t s  i n  ha rd  vacuum and h i g h  t empera tu re .  
I t  i s  no ted  t h a t  f o r  t h e  l i m i t e d  c y c l i n g  done, t h e  v a r i o u s  com- 
b i n a t i o n s  a r e  c l o s e l y  grouped. There  i s  a  tendency f o r  t h o s e  com- 
b i n a t i o n s  i n v o l v i n g  t h e  A-286 b o l t  t o  e x h i b i t  a  l i t t l e  more e f f i -  
c i ency  i n  t h e  vacuum when compared t o  t h e  performance o f  T i tan ium 
a r t i c l e s .  When compared t o  t h e  d a t a  o b t a i n e d  from ambient t o r q u e  
t e n s i o n  d a t a ,  t h e  vacuum environment e x h i b i t s  a  tendency t o  de- 
grade t h e  £as  t e n e ~ s  performance a s  t h e  t o r q u e  l e v e l s  a r e  i n c r e a s e d .  
Of c o u r s e ,  t h e  vacuum environment w i l l  a l s o  a f f e c t  t h e  e f f i -  
c i ency  of t h e  feed- th ru  a s  well a s  f a s t e n e r  performance.  Ca l ib ra -  
t i o n  of t h e  feed- th ru  a t  ambient c o n d i t i o n s  o b t a i n e d  b e f o r e  chamber 
pump-down is s u b j e c t  t o  d e g r a d a t i o n  imposed by t h e  vacuum envlron-  
ment. A l o s s  of e f f i c i e n c y  d u r i n g  exposure  t o  t h e  vacuum d u r i n g  
t h e  test  w i l l  go u n d e t e c t e d ,  and exposure  t o  atmosphere f o r  r e c a l i -  
b r a t i o n  w i l l  n o t  g ive  a  t r u e  i n d i c a t i o n  of t h e  mechanism perform- 
ance i n  t h e  vacuum, Also,  i t  i s  a n t i c i p a t e d  t h a t  t h e  a p p l i c a t i o n  
of t h e  impact t o o l  on t h e  feed- th ru  b e a r i n g s  could  produce a  mask- 
i n g  e f f e c t  i n  t r y i n g  t o  determine t h e  e f f e c t  of t h e  feed- th ru  on 
t h e  i n i t i a l  £as  t e n e r  performance i n  t h e  chamber. 
Under t h e  c i rcumstances ,  i t  seems proper  t o  a t t r i b u t e  t h e  l o s s  
of f a s t e n e r  e f f i c i e n c y  t o  t h e  e f f e c t s  of t h e  vacuum r a t h e r  t h a n  
t h e  performance of t h e  feed- th ru .  However, t o  a s s i g n  a  number t o  
t h e  e f f e c t  of vacuum on f a s t e n e r  performance w i t h  t h e  d a t a  o b t a i n e d  
would b e  presumptuous. T e s t s  l i m i t i n g  t h e  number of v a r i a b l e s  and 
equipment capab le  of more d i s c r e e t  measurements would be r e q u i r e d  
f o r  d e f i n i t i v e  r e s u l t s .  However, no  i n s t a n c e s  of g r o s s  adhesion 
occur red  i n  t h e  combination t e s t e d  i n  a  vacuum environment ,  w i t h  
t h e  e x c e p t i o n  of b a r e  s t a i n l e s s  o r  s t a i n l e s s .  
A pneumatic impact wrench was used t o  i n v e s t i g a t e  i t s  e f f e c t  
on f a s t e n e r  performance i n  a vacuum. The wrench was used t o  ro- 
t a t e  t h e  n u t  up and down t h e  th readed  p o r t i o n  of t h e  b o l t .  Torque 
r e a d i n g s  were made of t h e  t o r q u e  r e q u i r e d  t o  r o t a t e  t h e  n u t  up and 
down t h e  t h r e a d  b e f o r e  and a f t e r  t h e  impact wrench was used.  These 
v a l u e s  a r e  recorded i n  Table  IV-15. The t o r q u e  v a l u e s  recorded  
a r e  t h o s e  f o r c e s  r e q u i r e d  t o  overcome t h e  r e s i s t a n c e  a f f o r d e d  by 
t h e  s e l f - l o c k i n g  f e a t ~ r e  of t h e  n u t s  when chased up and down t h e  
b o l t  t h r e a d ,  
The s i g n i f i c a n t  f a c t  of t h e  tes t  was t h a t  no g r o s s  adhes ion  
o r  c o l d  welding occur red  a s  a  r e s u l t  of v i b r a t i o n  and h e a t .  
Torque ( i n .  1 b )  
1 )  A-286 Six-Wi ng Bo l  t Assembly P/N SW1565-4-24 (Pass i va ted -T i  t a n i  urn N u t )  
2 )  A-286 S i  x-Wi ng B o l t  Assembly PIN SW1555-4-24 ( S i  l v e r - P l a t e d  N u t s )  
3 )  A-286 Six-Wing Bo l  t Assembly P/N SW1555-4-24 (Moly-Disul fide-Plated N u t s )  
4) T i  t a n i  urn 6Ae-4V S i  x-Wi ng Bol  t Assembly PIN SW2565-4-24 (Pass i  v a t e d  Nu t )  
5) T i t a n i u m  6Aw-4V Six-Wing B o l t  Assembly PIN SW2565-4-24 (306 Type I I -  
P l a t e d  N u t )  
6 )  T i  tan iun l  6Ae-4V S i x  Wing B o l t  Asse~l ib ly  P/N SW2565-4-24 (VSM 1171-P la ted  
N u t )  
All Bolts  0.0250 iVom Dia x 1.5 in. Grip x 28 TPI 
F i g u r e  1\1-21 T e s t  C o n d i t i o n  1 0m9 T o r r  Vacuum 4-250' F (Compos i te )  
Induced load  f o r  T i tanium 6At-4V Six-Wing b o l t  assembly 
P/N SW 2565-4-24, 0.250 nom d i a  1.5 i n .  g r i p .  Nut 
l u b r i c a t e d  w i t h  VSM 1171. 
F igure IV-22 Test  Condi t ions Tor r  Vacuum +250°F 
(T i tanium - VSEl 1171) 
Torque ( i n . - l b )  
Torque vs induced load  f o r  T i tanium 6Ai-4V Six-Wing 
b o l t  assembly P/N 942565-4-24, 0.250 nom d i a  x  1.5 i n .  
Gr ip.  Nut l u b r i c a t e d  w i t h  Hi-shear Type I1 No. 306. 
F igure IV-23 Test  Condi t ions Tor r  Vacuum +250°F 
(T i tanium - Hi-Shear I 1  No. 306) 
Torque vs induced load  f o r  T i tanium 6Ak-4V Six-Wing 
b o l t  assembly. P/N 942565-4-24, 0.250 nom d i a  x  1.5 
Gr ip.  Bare passivated Ti tanium nut. 
F igure  IV-24 Test Condit ions Tor r  Vacuum + 250°F 
(T i tanium - Bare T i tan ium Nut)  
Torque vs induced load  f o r  A-286 Six-Wing b o l t  assembly 
PIN Sl.11555-4-24 n u t  l u b r i c a t e d  w i t h  Moly-Oi s u l f  i d e  . 
Figure IV-25 Test  Condi t ions 10-9 T o r r  Vacuum + 250°F 
(A-286 - Mo ly -D isu l f i de )  
Torque vs induced load  f o r  A-286 Six-Wing assembly. 
P I N  SW1555-4-24 passivated S i  x-Lli ng un l  u b r i  cated ~AL-4V 
Ti tanium nuts.  0.250 nom d i a  x  1.5 i n .  g r i p .  
Torque ( i n . - l b )  
Torque vs induced load  f o r  8-286 Six-Wing b o l t  assembly. 
P/N SW1555-4-24 Nut l u b r i c a t e d  w i t h  S i l v e r  P la te .  
F igure IV-26 Test  Condi t ions l o e 9  Tor r  Vacuum +250 F 
(A-286 - S i l v e r  p l a t e )  
F igure IV-27 Test  Condi t ion 10-9 T e r r  Vacuum +25OoF 
(A-286 - Bare T i tan ium Nut) 
Table %V-9 Vacuum-Torque vs Induced Load - T i  tanium - 
1171 Lube 
Test Condit ions T o r r  Vacuum +250°F 
- r  --&--A- A,-----"*. 
BOLT AND NUT ASSEMBLY NUMBER 
( i n , - l b )  1 3 1  4 
B o l t  Turns 
Torque vs.  induced l o a d  f o r  Ti tanium 6AR-47 Six-Wing B o l t  
Assembly P/N SW 2565 4-24, 0.250 nom d i a  x  1 . 5  i n .  g r i p .  
Nut l u b r i c a t e d  w i t h  VSM 1 1 7 1 .  
Table IV-10 Vacuum-Torque vs Induced Load - T i  t a n i  urn - 
H i  -Shear Lube 
Test  Condit ions T o r r  Vacuum +250°F 
BOLT AND NUT ASSEMBLY NUMBER 
Table  IV-11 Vacuum-Torque vs  Induced Load - Titanium - No Lube 
T e s t  Condi t ion:  Tor r  Vacuum +250°F 
Titanium nut. 
Table  IV-12 Vacuum-Torque vs Induced Load - A-286 Moly-Disulfide 
T e s t  Condi t ion:  T o r r  Vacuum +250°F 
T a b l e  %V-13 Vacuum-Torque vs Induced Load - 8-286 - S l l v e r  P l a t e d  
Nut 
Test  Condi L ion:  10-'a P s r r  Vacuum 9250" F 
BOLT AND NUT ASSEMBLY NUMBER 
Table IV-14 Vacuum-Torque vs Induced Load - A-286 - Bare T i t a n i  
Tes t  Condi t i  on: T o r r  Vacuum +250° F 
BOLT AND NUT ASSEMBLY NUMBER 
Torque vs induced load for A-286 Six-Wing Bolt P/N SW1565-4-24 
with Passivated Six-Wing Unlubricated 6AR-4V Titanium Nut. 
0.250 Nom Dia x 1.5 in. Grip. J 
Tab le  I V - 1 5  T e s t  R e s u l t s  f r o m  A p p l i c a t i o n  o f  Pneumat ic Impact Too l  
TEST I T E M  NO. 
B o l t  Turns  
B o l t  w i t h  
B o l t  Turne  
5 Impact  Wrench 8 
4 
Cycle  Repea ted  4 
5 (5) Times 5 
1 0  
8.5 1 0  
- 
>kOnly e v i d e n c e  o f  g a l l i n g  
Key 1 )  T i t a n i u m  6AR-4V Six-Wing B o l t  Assembly P / N  SW2565-4-24 
( P a s s i v a t e d  Nut) 
2) T i t a n i u m  6AR-4V Six-Wing B o l t  Assembly PIN SW2565-4-24 
(306 Type 11 -P la t ed  Nut) 
3) T i t a n i u m  6AR-4V Six-Wing B o l t  Assembly PIN 882565-4-24 
(VSM 1171-P la t ed  Nut) 
4) A-286 Six-Wing B o l t  Assembly PIN SW1555-4-24 ( S i l v e r -  
P l a t e d  Nuts)  
5 )  A-286 Six-Wing B o l t  Assembly PIN SW1565-4-24 ( P a s s i v a t e d -  
T i t a n i u m  Nut) 
6 )  A-286 Six-Wing B o l t  Assembly PIN SW1555-4-24 (Moly- 
D i s u l f i d e - P l a t e d  Nut) 
Torque ( i n . - l b )  
T i tanium 6Ai-4V Six-Wing B o l t  Assembly 
P/N Sbl2565-4-24 (Passivated Nut)  
Torque ( i n . - l b )  
T i tanium 6Aa. 4V Six-Wing B o l t  Assembly 
PIN SW2565-4-24 (VSM 1171-Plated Nut)  
Torque ( i n . - l b )  
A-286 Six-Wing B o l t  Assembly P/N SW1555-4-24 
( t . lo ly-Disul f ied-Plated Nut)  
Torque ( i n . - l b )  
T i tanium 6Ae-4V Six-Wing B o l t  Assembly 
P/N SW2565-4-24 (306 Type 11-Plated Nut)  
Torque ( i n . - l b )  
A-286 Six-Wing B o l t  Assembly P/N SW1555-4-24 
(S i l ve r -P la ted  Nut)  
Ambient Condi t ions 
- - - - Condi t ion Tor r  Vacuum +250°F 
Figure IV-28 Ambient vs lom9 Torr Vacuum +250°F Condit ions 
Figure  IV-29 i n d i c a t e s  t h e  c o n d i t i o n  of t h e  vacuum chamber i n -  
t e r i o r  a f t e r  t h e  complet ion o f  t h i s  s e r i e s  of t e s t s .  The d e b r i s  
f l a k e d  from t h e  f a s t e n e r s  d u r i ~ g  t h e  t e s t i n g  i s  e v i d e n t  on t h e  s u r -  
f a c e  of t h e  s p i d e r  i n  t h e  fo reground .  Also,  l u b r i c a n t  from t h e  
s t a t i c  b o l t  samples c o n t a i n e d  i n  t h e  b l o c k s  on t h e  h e a t  s i n k  con- 
densed on t h e  h e a t  s i n k  s u r f a c e .  The shadow under t h e  heads  of 
t h e  b o l t s  i n  t h e  b lock  i n  t h e  fo reground  i s  a c t u a l l y  l u b r i c a n t  t h a t  
evapora ted  from t h e  b o l t s  and condensed on t h e  c o l d  h e a t  s i n k .  
Th is  occurence is  u n d e s i r a b l e ,  e s p e c i a l l y  i f  t h e  condensing s u r f a c e  
happens t o  b e  an o p t i c a l  l e n s e  o r  o t h e r  c r i t i c a l  p a r t .  The l u b r i -  
c a n t  on t h e  s t a t i c  t e s t  samples d u r i n g  t h i s  series o f  t e s t s  was 
SPS K-3 s u p p l i e d  by S tandard  P r e s s e d  S t e e l .  
F i g u r e  IV-30 shows i n  d e t a i l  d e b r i s  t h a t  accumulated d u r i n g  
t h e  t o r q u e / t e n s i o n  and impact  wrench t e s t s  i n  t h e  a r e a  o f  I t e m  8. 
Th i s  t e s t  sample ( c e n t e r  of F igure  IV-30) c o n s i s t e d  of a  t i t a n i u m  
b o l t  and a  t i t a n i u m  n u t  l u b r i c a t e d  w i t h  VSM 1171 l u b r i c a n t .  
F igure  IV-31 shows d e b r i s  on t h e  f i x t u r e  from test  i t e m s  14,  
15, and 16.  These test  i t e m s  were  combinat ions  of A-286 b o l t s  
w i t h  S i l v e r  P l a t e d  A-286 n u t s .  
F igure  IV-32 shows combinat ions  o f  A-286 b o l t s  w i t h  Moly-Disul- 
f i d e  coa ted  A-286 n u t s .  
It i s  a p p a r e n t  i n  t h e  above f i g u r e s  t h a t  f a s t e n e r s  s u b j e c t e d  
t o  vacuum, h i g h  t empera tu re ,  and d r i v i n g  t o o l  impact  w i l l  produce 
d e b r i s  when o p e r a t e d .  Th is  p r o d u c t i o n  o f  d e b r i s  by cyc led  f a s t e n e r s  
s h o u l d  be  t a k e n  i n t o  account  i n  t h e  placement and u s e  of t h e  f a s t -  
e n e r .  
Figure IV-29 Vacuum Chamber Interior 
Figure IV-30 Debris from Titanium N u t  Lubricated w i t h  VSM 1171 
Figure IV-31 Debris from A-286 Bolts with Silver Plated Nuts 
Fi gure IV-32 Debris from A-286 Bolt with Moly-Di sul f i  de 
Lubri cated A-286 Nuts 
1 .  Low-Temperature Torque-Tension Tests 
D i f f i c u l t y  i n  c o o l i n g  t h e  chamber environment from ambient t o  
-250°F w i t h  t h e  c o l d  p l a t e  r e s u l t e d  i n  t h e  f a b r i c a t i o n  of t h e  t e s t  
f i x t u r e  shown i n  F i g u r e s  IV-33, IV-34, and IV-35. T e s t  samples 
were i n d i v i d u a l l y  loaded  i n  t h e  f i x t u r e  as shown i n  F igures  IV-33 
and IV-34, and t h e  chamber e v a l u a t e d  and immersed i n  LN2. P r i o r  
t o  immersing t h e  f i x t u r e  i n  LN2, and d u r i n g  e v a c u a t i o n  of t h e  charn- 
b e r ,  ambient  to rque- tens ion  d a t a  was o b t a i n e d .  
The test  i t e m  was g iven  ug-up t h e  b o l t ,  l o a d  
c e l l ,  specimen h o l d e r ,  n u t ,  c o o l  t h e s e  i t e m s .  
A f t e r  t h e  cool-down p e r i o d ,  t h  
b o l t  to rqued  t o  inc rements  02 
t e n s i o n  i n  t h e  b o l t  r ecorded  
Figure IV-33 Vacuum Chamber and Feed-Thru 
F i  gure IV-34 Test Arrangement 
Figure IV-35 Test Cylinder 
Duplicate fastener combinations tested in the earlier test at 
+250°F were obtained for testing at -250°F. These fasteners in- 
cluded four test samples of each of the following combinations 
(see Certificates of Conformance, Figure IV-36): 
1) A-286 Six-Wing Bolt Assembly P/N SW1565-4-24 
(Passivated-Titanium Nut) 
2) A-286 Six-Wing Bolt Assembly P/N SW1555-4-24 
(Silver-Plated Nut) 
3) A-286 Six-Wing Bolt Assembly P/N SW1555-4-24 
(Moly-Disulfide-Plated Nut) 
4) Titanium 6AR-4V Six-Wing Bolt Assembly P/N 
SW2565-4-24 (Passivated Nut) 
5) Titanium 6AR-4V Six-Wing Bolt Assembly P/N 
SW2565-4-24 (306 Type II-Plated Nut) 
6) Titanium 6AR-4V Six-Wing Bolt Assembly P/N 
SW2565-4-24 (VSM 1171-Plated Nut) 
AZZ bolts 0.250 Nom Dia x 2.5 in. Grip x 28 TPI 
The VSM 1171 lubricant for Item 6 had been discontinued and 
was replaced with Voi-Shan's Lubricant, VSM 1362. 
One day was devoted to chamber pump down and the following 
day the fixture immersed in LN2 and torque-tension data was ob- 
tained after cool down at the end of the day. 
To: Bob White 
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1. 18 pcs.  SW65-4 S in  Wing Nut 
2. 18 gca. SWl5-4-24 
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6.  6 pcs SW65-4 S i x  Wing Nut 
7 .  1 PC6 
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Figure I\!-36 Certificates of Conformance 
2 .  Test Apparatus 
The f i x t u r e  shown i n  Figures  IV-33 and IV-37 cons is ted  of the 
f eed-thru f l ange  mounted t o  a  t ubu la r  s t a i n l e s s  s t e e 1  vacuum cham- 
be r .  A d r i v e  socket  was a t tached  t o  the  d r i v e  end of t he  r o t a r y  
feed-thru v i a  an  i n s u l a t i n g  coupling.  The func t ion  of t h i s  i n su la -  
t o r  between the  r o t a r y  d r ive  and the  socket  was t o  al low the socket  
t o  con tac t  t he  n u t  during cool  down without  providing a  h e a t  pa th  
through the  mass of t he  feed-thru.  This  arrangement prevented a  
warm d r iv ing  socket  from conzact ing a  c h i l l e d  n u t ,  which would 
warm t h e  t e s t  sample during torquing  opera t ions .  
The t e s t  cy l inde r  (Figure IV-35) provided the  mounting su r f aces  
f o r  t he  t e s t  i t em,  a  cav i ty  f o r  the  f o r c e  t ransducer  under t h e  head 
of t h e  b o l t ,  and the  geometry f o r  prevent ing  r o t a t i o n  of t h e  b o l t  
dur ing  a p p l i c a t i o n  of torque t o  t he  nu t .  The t e s t  cy l inde r s  were 
made of A-286 and 6AR-4V Titanium f o r  use wi th  b o l t s  of l i k e  mater- 
i a l .  Flanges on the  t e s t  cy l inde r s  provided a  l a r g e  s u r f a c e  a r e a  
wi th  the  LN2 f o r  good cool  down of t h e  t e s t  cy l inder .  Passages 
were d r i l l e d  i n  the  t e s t  cy l inde r  t o  al low evacuat ion of t he  end 
cap, and t o  proving the  in t e rconnec t ion  of ins t rumenta t ion  l eads .  
The removable end cap contained a  b o l t  h e a t  s i n k ,  which was a t -  
tached t o  the  cap wi th  a  s t a i n l e s s  bellows. Contact was maintained 
between the ground su r f aces  on the  b o l t  head and the  h e a t  s i n k  by 
the f l e x i b i l i t y  of the  bellows and the  p re s su re  d i f f e r e n t i a l  across  
them, Contact of t he  h e a t  s i n k  v i a  the  head of t he  b o l t  and i t s  
ex tens ion  i n t o  the LN2 provided a  h e a t  pa th  f o r  cool  down of t h e  
t e s t  i t em (Figure IV-37). 
Force Transducer 
Thermocouple \, Removable Test Cylinder? 
LN,Cavity ' 1  Bolt Heat Sink 
Drive Socket .-I 
Figure IV-37 Proposed T e s t  F i x t u r e ;  Vacuum T o r r ,  
Temperature -250" t o  -350°F 
3. Ca l i  b r a t i o n  
A f i x t u r e  c a l i b r a t i o n  check c o n s i s t e d  of i n s t r u m e n t i n g  a  b o l t  
w i t h  thermocouples a t t a c h e d  t o  t h e  end of t h e  th readed  p o r t i o n  of 
t h e  b o l t .  The b o l t ,  n u t ,  and load  c e l l  were l o o s e l y  assembled and 
p laced  i n  t h e  f i x t u r e ,  and t h e  f e e d - t h r u  was lowered t o  engage t h e  
d r i v i n g  s o c k e t  w i t h  t h e  n u t .  The thermocouples from t h e  b o l t  were 
run through a  h o l e  i n  t h e  d r i v e  s o c k e t  t o  an e x t e r n a l  DVM. A n  
a d d i t i o n a l  thermocouple was welded t o  t h e  top  s u r f a c e  o f  t h e  s p e c i -  
men h o l d e r  i n  t h e  v i c i n i t y  of t h e  n u t .  
The f i x t u r e  was c losed  and evacua ted  t o  t h e  los6  t o r r  r a n g e ,  
and was immersed i n  LN2. I t  was found t h a t  by m a i n t a i n i n g  a  l i q u i d  
l e v e l  3 / 4  i n .  above t h e  specimen c y l i n d e r  f l a n g e  f o r  4 h r ,  t h e  
b o l t  t empera tu re  i n  t h e  a r e a  of t h e  t h r e a d  s t a b i l i z e d  a t  -250°F 
(+ a  couple  of d e g r e e s ) .  Th i s  c o o l  down procedure  was r e p e a t e d  
w i t h  t h e  t e s t  i t e m s ;  however, t h e  b o l t  thermocouple was removed 
t o  a l low t o r q u i n g  t h e  t e s t  i t e m s ,  and t h e  specimen h o l d e r  thermo- 
couple  was used t o  i n d i c a t e  t empera tu re .  T e s t  c y l i n d e r  tempera- 
t u r e s  s t a b i l i z e d  a t  -317°F d u r i n g  c a l i b r a t i o n  r u n s  and a c t u a l  
t e s t s  . 
Load c e l l  c a l i b r a t i o n  curves  were developed f o r  -317°F by i m -  
mers ing t h e  load  c e l l  i n  LN2 and a p p l y i n g  known l o a d s  w i t h  a  t e n s i o n  
t e s t i n g  machine. These curves  were used t o  i n t e r p o l a t e  t h e  d a t a  
con ta ined  i n  Tab les  IV-16 t h r u  IV-21 and F i g u r e s  IV-38 t h r u  IV-44.  
The l o a d  c e l l  was checked a f t e r  t e s t i n g  was completed t o  i n s u r e  
c a l i b r a t i o n  d a t a  was c o n s i s  t e n t  throughout  t h e  t e s t .  
1) A-286 Six-Wing B o l t  Assembly P/N S111555-4-24 ( S i l v e r  Plated Nut) 
2) A-286 Six-Wing B o l t  Assembly PIN Sbt1565-4-24 (Passivated-Titanium Nut) 
3) A-286 Six-Wing B o l t  Assembly P/N SW1555-4-24 (Moly-Disul f ide-Plated Nut)  
4) T i tanium 6Ae-4V Six-Wing B o l t  Assembly P/N SW2565-4-24 (Passivated Nut) 
5) T i tanium 6Ae-4V Six-Wing B o l t  Assembly P/N SI.12565-4-24 (306 Type 11-Plated Nut) 
6) T i tanium 6Ae-4V Six-Wing B o l t  Assembly P/N Sl.12565-4-24 (VSM 1362-Plated Nut) 
A22 BoZts 0.250 ?{om Dia x 1.5 in. Grip x 28 TPI  
5 /  
Ambient I0.i 
Torque ( i n . - l b )  Torque ( i n - l b )  
F i g u r e  IV -38  Torque vs Induced Load ( i0-6Torr  Vacuum -319°F) 
Torque ( i n . - l b )  
50 100 150 
Torque ( i n . - l b )  
Figure IV-39 Torque vs Induced Load f o r  A-286 Six-Wing Bol t  Assembly P/N SW1555-4-24 
S i lve r -P la ted  Nut (Ambient and 10-6 Torr  Vacuum -317°F) 
Table IV-16 Torque vs Induced Load f o r  A-286 Six-Wing Bolt  Assembly P/N SU1555-4-24 
(Si lve r -P la ted  Nut) 
TEST CONDITIONS (AMBIENT) 
TORQUE I BOLT A N D  NUT ASSEMBLY NO. 
TEST CONDITIONS lom6 TORR VACUUM -317°F 
F i g u r e  IV-40 Torque vs Induced Load f o r  A-286 Six- l l l ing B o l t  Assembly P/N SW1565-4-24 
P a s s i v a t e d - T i t a n i u m  N u t  (Ambient  and T o r r  Vacuum - 3 1 7 " ~ )  
A-286 Six-Wing B o l t  Assembly P/N Sb11565-4-24 F i g u r e  IV-17 Torque vs Induced  Load f o r  
(Pass iva ted-T i  tan ium Nut )  
TEST COrJDITIONS (AMBIENT) 
TORQUE 
( i n . - l b )  
BOLT AND NUT ASSEMBLY NO. 
LOAD ( I  b)  
Torque ( i n .  -1 b)  
50 100 150 
Torque ( i n . - l b )  
F igure  IV-41 Torque vs Induced Load f o r  A-286 Six-Wing B o l t  Assembly P/N SW1555-4-24 
Moly-Disulf ide-Plated N u t  (Ambient and T o r r  Vacuum -317°F) 
Tab le  IV-18 Torque vs Induced Load f o r  A-286 Six-Wing B o l t  Assembly PIN SW1555-4-24 
(Moly-Di s u l f i  ed-P la ted  Nut) 
Note: The Moly-Disulfide t ends  t o  f l a k e  and 
TEST CONDITIONS 10-6 TORR VACUUM -317°F 
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F igu re  IV-42 Torque vs Induced Load f o r  T i tan ium 6Ai-4V Six-Wing B o l t  Assembly P/N SW2565-4-24 
Passivated Nut (Ambient and 10-6 T o r r  Vacuum -317°F) 
Table IV-19 Torque vs Induced Load f o r  T i tan ium 6Ae-4V Six-Wing B o l t  Assembly 
P/N Sbi2565-4-24 (Passivated Nut)  
TEST CONDITIONS TORR VACUUM -317°F 
TORQUE 




BOLT AND NUT ASSEMBLY NO. 
















Figure  IV-43 Torque vs Induced Load f o r  T i tan ium 6Ae-4V S ix - l l inq  B o l t  Assembly P/N SW2565-4-24 
306 Type 11-Plated Nut (Ambient and T o r r  Vacuum - 3 1 7 " ~ )  
Table IV-20 Torque vs Induced Load f o r  T i tan ium 6Ae-4V Six-Wing B o l t  Assembly 
P/N 942565-4-24 (306 Type 11-Plated Nut )  
F i g u r e  IV-44 Torque vs Induced Load f o r  T i t a n i u m  6Ae-4V Six-Wing B o l t  Assembly P/N 5112565-4-24 
VSM 1362-Plated Nut  (Ambient and T o r r  Vacuum -317°F) 
Table IV-21 Torque vs Induced Load f o r  T i t a n i u m  6Ae-4V Six-Wing B o l t  Assembly 
PIN SW2565-4-24 (VSM 1362-Plated N u t )  
G. CONCLUSIONS AND RECOMMENDATIONS 
1. Conclusions 
Planned and expected s p a c e  miss ions  a r e  d i f f i c u l t  t o  d e f i n e  
w i t h  any degree  of c e r t a i n t y .  A v a i l a b l e  d a t a  i s  p r e s e n t e d  i n  
t h e  t e s t  and i m p l i e s  t h a t  each of t h e  miss ions  w i l l  i n v o l v e  t h e  
m a n i p u l a t i o n  o f  th readed  f a s t e n e r s  by a s t r o n a u t s .  However, t h e r e  
does n o t  seem t o  b e  any way t o  a r r a n g e  t h e  d i v e r s e  requ i rements  
i n t o  meaningful  groups .  
A  c o n f l i c t  between s t r u c t u r e s  e n g i n e e r s  and human f a c t o r s  
d e s i g n e r s  e x i s t s  i n  t h e  m a j o r i t y  of p l a c e s  u s i n g  th readed  f a s t e n -  
e r s .  The s t r u c t u r e s  e n g i n e e r  g e n e r a l l y  r e q u i r e s  a  m u l t i p l i c i t y  
of f a s t e n e r s  t o  minimize weigh t  and p o i n t  l o a d s  w h i l e  t h e  human 
f a c t o r s  man would l i k e  t o  have  no f a s t e n e r s  o r  one.  No s i n g l e  
s o l u t i o n  can app ly  t o  a l l  c a s e s .  The on ly  c o n c l u s i o n  i s  t h a t  
f o r  each and every  c a s e  where s p a c e  maintenance o r  r e p a i r  might 
be  i n v o l v e d ,  b o t h  s t r u c t u r a l  and human f a c t o r s  must b e  f a c t o r e d  
i n t o  t h e  d e s i g n  a s  a  sys tem.  
The major problems imposed by th readed  f a s t e n e r s ,  and planned 
approaches  f o r  s o l v i n g  them, a r e  l i s t e d  below: 
Problem S o l u t i o n  
G a l l i n g ,  s e i z i n g ,  c o l d  we ld ing ;  M a t e r i a l  s e l e c t i o n ,  p roper  
l u b r i c a n t s .  
Manipu la t ion  and h a n d l i n g  of As t ronau t  e d u c a t i o n ,  t o o l  
f a s t e n e r s ;  d e s i g n ,  and b o l t  head de- 
s i g n  (ve ry  l i t t l e  done t o  
d a t e ,  more could b e  done) .  
Development o f  f a s t e n i n g  systems Design s p e c i f i c a t i o n s ,  en- 
u s i n g  minimum number of t o o l s ;  g i n e e r i n g  e d u c a t i o n ;  t e s t  
s p e c i f i c a t i o n s  r e q u i r i n g  
bo th  e n g i n e e r i n g  and human 
e n g i n e e r i n g  p a r t i c i p a t i o n .  
A t  ambient t e s t  c o n d i t i o n s ,  combinat ions  o f  A-286 b o l t s  w i t h  
A-286 Moly-Disulfide l u b r i c a t e d  n u t s ,  and A-286 b o l t s  w i t h  A-286 
s i l v e r  p l a t e d  n u t s  i n i t i a l l y  were  more e f f i c i e n t  than  t h e  T i tan ium 
combinat ions  t e s t e d  . 
At ambient t e s t  c o n d i t i o n s ,  t h e  u s e  of 306 t y p e  I1 and VSM 
1171  c o a t i n g s  i n c r e a s e d  t h e  e f f i c i e n c y  of n u t  and b o l t  combina- 
t i o n s  of ~ A R - 4 d  Titdnium. 
A t  ambient c o n d i t i o n s ,  t h e  combination o f  an  A-286 b o l t  w i t h  
a  Moly-Disful f ide  n u t  can produce y i e l d i n g  i n  a  q u a r t e r  i n c h  b o l t  
a t  t o r q u e  l e v e l s  a s  low a s  125 i n . - l b .  
A t  ambient and vacuum c o n d i t i o n s ,  u n l u b r i c a t e d  combinat ions  
of A-286 shou ld  b e  avoided.  T e s t  i t e m s  g a l l e d  and s e i z e d  b e f o r e  
t h e  n u t s  cou ld  b e  chased down t h e  b o l t  t o  s e a t  t h e  n u t .  
Vacuum l e v e l s  of lo-' t o r r  a t  t empera tu res  of 250°F tend  t o  
lower t h e  e f f i c i e n c y ; ?  of v a r i o u s  combinat ions  of f a s t e n e r s  when 
compared t o  t o r q u e  t e n s i o n  d a t a  o b t a i n e d  a t  ambient c o n d i t i o n s .  
No combinat ions  t e s t e d  i n  t h e  vacuum above,  excep t  b a r e  A-286 
b o l t s  and n u t s ,  e x h i b i t e d  a  g r o s s  tendency t o  adhere  o r  s e i z e ,  
Th i s  was w i t h  t h r e a d  exposure  t o  vacuum of b o t h  t h e  n u t  and b o l t  
p r i o r  t o  t o r q u i n g  t h e  n u t  on t h e  b o l t ,  and t h e  a p p l i c a t i o n  of i m -  
p a c t  t o  c y c l e  t h e  i t e m s  f i v e  t imes .  
The u s e  of impact  t o o l s  t o  c h a s e  t h e  n u t s  up and down on v a r i -  
ous f a s t e n e r  combinat ions  i n  t h e  vacuum does n o t  e x h i b i t  a  tend- 
ency t o  cause  adhes ion  i n  t h e  f a s t e n e r  o p e r a t i o n .  However, t h e  
a p p l i c a t i o n  of impact  t o  t h e  f a s t e n e r  i n  t h e  h i g h  t empera tu re  
vacuum environment r e s u l t e d  i n  t h e  g e n e r a t i o n  of l a r g e  amounts of 
d e b r i s .  This  d e b r i s  c o n s i s t e d  of g r a n u l a t e d  l u b r i c a n t  f l a i l e d  
from t h e  test i t e m  n u t s .  
At l e a s t  one l u b r i c a n t  (SPS K3)  t e s t e d  d u r i n g  t h e  h i g h  tem- 
p e r a t u r e  lo-' t o r r  vacuum evapora ted  and r e d e p o s i t e d  on t h e  c o l d  
p l a t e  when i t  was coo led  w i t h  LN2. 
Exposure t o  low tempera tu re  -250°F and vacuum had a  s m a l l  
a d v e r s e  e f f e c t  on t o r q u e  v s  induced l o a d  on t h e  t e s t  i t e m s .  How- 
e v e r ,  t h e  low tempera tu re  c o n t r i b u t e d  t o  g r a n u l a t i o n  and l o s s  of 
t h e  Moly-Disulfide o r  VSM 1362 l u b r i c a n t s  from t h e  t e s t  i t e m s .  
The u s e  of f a s t e n e r s  i n  s p a c e  a p p l i c a t i o n s  shou ld  c o n s i d e r  
p o s s i b l e  d e b r i s  g e n e r a t e d  when c y c l i n g  t h e  f a s t e n e r ,  and p o s s i b l e  
condensa t ion  of t h e  l u b r i c a n t  on super-cooled s u r f a c e s .  
* 
E f f i c i e n c y  is d e f i n e d  a s  t h e  r a t i o  of t h e  b o l t  t e n s i o n  produced 
t o  t h e  i d e a l  b o l t  t e n s i o n  which i s  2n ( a p p l i e d  t o r q u e )  ( t h r e a d s  
p e r  i n , ) .  
Torque ( i n . - l b )  
Ti tanium 6Ae-4V Six-bling B o l t  Assembly 
P/N SW2565-4-24 (Passfvated Nut) 
Torque ( i n . - l b )  
T i  t a n i  urn 6Ae-4V Si  x-Wi ng B o l t  Assembly 











Torque ( i n . - l b )  
A-286 Six-Wing B o l t  Assembly PIN SW1555-4-24 
(Moly-Disul f ide-Plated Nut) 
Torque ( in . -1  b) 
Ti tanium 6Ae-4V Six-Wing B o l t  Assembly 
PIN SW2565-4-24 (306 Type 11-Plated Nut) 
Torque ( i n . - l b )  
A-286 Six-Wing B o l t  Assembly PIN SW1555-4-24 
(Si l ver -P la ted  Nut) 
F igure IV-45 Torque vr Induced Load; Ambient vr Torr Vacuum 1250°F 
Conditions and Torr Vacuum -317°F 
I n  summary, no a n a l y s i s ,  t e s t ,  o r  d a t a  rev iew of t h i s  s t u d y  
i n d i c a t e d  t h a t  th readed  f a s t e n e r s  cou ld  n o t  b e  used i n  s p a c e .  
R a t h e r ,  th readed  f a s t e n e r s  w i l l  prove a s  u s e f u l  and v e r s a t i l e  i n  
s p a c e  a s  they do h e r e  on e a r t h  i f  p roper  d e s i g n  p r a c t i c e s  a r e  de- 
veloped and used . (See  Table IY-22) 
Table IV-22 Summary of Performance 
2 .  Recommendations 
t ambient, +250 
Although no g r o s s  i n d i c a t i o n s  o f  adhes ions  were n o t e d  d u r i n g  
t h e  tests, excep t  a s  no ted  w i t h  b a r e  A-286 combinat ions ,  a  tend-  
ency o f  t h e  vacuum t o  c a u s e  a  l o s s  o f  e f f i c i e n c y  i n  v a r i o u s  f a s -  
t e n e r  combinat ions  was no ted .  Th is  f a c t ,  coupled w i t h  t h e  l i m i -  
t a t i o n s  of t h e  s p a c e  s i m u l a t i o n s  and t h e  p o s s i b l e  c r i t i c a l  a p p l i -  
c a t i o n  of f a s t e n e r s  and r e l a t e d  mechanisms i n  s p a c e ,  s u g g e s t s  an  
a t t e m p t  shou ld  b e  made t o  p r o v i d e  a  means o f  d u p l i c a t i n g  t h e s e  
tests i n  t h e  a c t u a l  s p a c e  environment.  A t e s t  w i t h  equipment t o  
p r o v i d e  d i s c r e t e  d a t a  r e l a t i n g  t o  t h e  f a s t e n e r ' s  e f f i c i e n c y  i n  
t h e  a c t u a l  environment shou ld  be  a t t empted .  
S i l v e r  Pla te  
Moly-Disulfide 
306 Type I1 
VSM 1172 
VSM 1362 
Some form of l o a d  de te rmin ing  b o l t  shou ld  b e  used t o  i n s u r e  
c o r r e c t  l o a d i n g  of c r i t i c a l  f a s t e n e r s  i n  t h e  s p a c e  environment .  
T h i s  i s  a  r e s u l t  of t h e  l o s s  of e f f i c i e n c y  observed i n  f a s t e n e r s  
exposed t o  t h e  vacuum when compared t o  t h e  performance of f a s t e n -  
ers i n  ambient c o n d i t i o n s ,  The l o a d  de te rmin ing  f e a t u r e  would 
p r o v i d e  an  i n d i c a t i o n  when t h e  d e s i r e d  b o l t  t e n s i o n  was ach ieved .  
Performed well as a lubr icant  i n  combinations with A-286 in  ambient and 
vacuum environments. However, produced debr is  in form of f laked s i l v e r  
p la t ing  when used in combination '!ith an impact wrench and t o r r  vacuum 
and +250°F. 
Performed well as a lubr icant  i n  combination rqi th A-286 in  ambient and vac- 
uum environments. However, produced debr is  when an impact wrench was u t i  l -  
ized  a t  t o r r  vacuum and +25OoF. I t  turned t o  dus t  a t  t o r r  vacuum 
and -250°F. 
Performed as lubr icant  i n  combinations of Titanium 6Ae-4V Titanium nuts and 
bo l t s  i n  ambient and vacuum environments. However, produced debris when 
an impact wrench was u t i l i z e d  a t  t o r r  vacuum and +250°F. 
The manufacture of t h i s  l ub r i can t  was discontinued during the  t e s t  period.  
However, i t s  use as a lubr icant  i n  combination with 6Ae-4V Titanium pro- 
duced debris a t  t o r r  and +250 F when an impact wrench was used. 
A replacement f o r  VSM 1172 was u t i l i z e d  a t  l om6  t o r r  and -250°F as a l ub r i -  
cant  f o r  the ~AQ-4V Titanium colnbinations, the  VSM 1362 tended t o  f l a k e  and 
turn t o  dus t  i n  the chamber. 
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